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ABSTRACT

This report presents the results of a study of the combined effects of
nose bluntness and real-gas phenomena on blunted slender body flows, with
particular emphasis on the flows past spherically blunted cones. One of the
primary objectives cf the study has been to assess the effects of not matching
all the similitude parameters in hypervelocity test flows about the slender
bodies that are under consideration. In the first phace of the study, direct
comparisons between the flight and wind-tunnel flow fields are made for a
blunted slender cone for several flight cases by using a stream-tube computer
program, In this part of the study the pressure distribution on the surface of
the cone is assumed to be insensitive to nonequilibrium effects, In the second
phase of the study, the influence of real-gas eifects on blunted slender body
flow fields is studied analytically by using a thin-shock-layer approach, It is
found that real-gas effects on the pressure distribution and the shock shape
for a blunted slender cone are small for the range of free-stream conditions
of interest, The implications of various existing similitude laws to hyper-
velocity testing are discussed briefly, and a restricted similitude applicable

to real-gas flows over blunted slender bodies is derived.

This document is subject to special export controls
and each transmittal to foreign governments or foreign
nationals may be made only with prior approval of
Arnold Engineering Development Center (AETS),
Arnold Air Force Station, Tennessee 37389,
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SECTION |
INTRODUCTION

In 2 recent study of hypervelocity flows and similitudes1 it was pointed
out that, 1n the combired presence of nonequilibrium flow and nose btluntness
eifects, similitude between two slender bouy flows is theoretically impossible.
That 1s, the similitude reguirements dictate complete duplication of ambient
thermo-chemical state, free-stream velocity and vehicle size. However, at
high {light velocities and low altitudes it is impossible to duplicate the ambient
thermo-chemical state in existing wind tunnels. In view of this state of affairs,
it 15 necessary that the similitude requirements for hypervelocity flows be
carefully examined from the standpoint of delineating the more important
similarity parameters and determining the degree to which the less important
s:malitude requirements can be relaxed. For the hypervelocity flight regime
considered in the study reported in Ref. 1, it was found that there dec not exist
suificient experimental data or theoreticai soiutions t: evaluate the sensitivity
of var:ous flow guantities to variations in the similitude parameters or to
fully determine whether some parameters are less importani than others.
Thus, the purpose of the present investigaiion has been to obtain new theo-
retical solutions for blunted slender bodies with the specific objective of

studying the effects of relaxing certain similitude re- airements.

There are two phases to the present work, The first phase is con-
cerned with 2 direct comparison of flight and wind-tunnel flow fields about a

blunted slender cone. For this purpose, the hypothetical wind-tunnel pcr-

oy

ormance defined in Ref. ]| has been used. The comparisons are made at

s+ ral flight cond:tions for which cocmplete duplication can not be achieved
in the wind tunnel, i.e. at low altitudes. Partial results of the study have
been reported in Ref. 2. The second phase of the work is concerned with
ilight conditions at higher altitudes where 1t is assumed that a wind tunnel
could {fully dupiicate the ambient zititude thermodynamic state 1f there were
no nozzie nonequilibrium effects. Here the emphasis is on an investigation
of ronequilibrium fiows about Llunted slender bodies within the iramework of

thin shock layer theorv and the blasi-wave analcgy. Both studies are restricted
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to bodies at zero angle of attack.

In the following Section (Sec. II) of this report, the flight regime of
interest will be defined and related to wind-tunne! performance capabilities.
Because of the limitations of existing wind tunnels, a hypothetical wind-tunnel
performance is defined which minimizes nozzle noncquilibrium eifects over
most of the flight region. Test conditions in the hypothetical wind tunnel are
compared with flight conditions for various velocities and altitudes. These
comparisons include estimates of the effects of nonequilibrium phenomena on

the nozzle expansion.

In Sec. III, some of the general features of the flow about blunt-nosed
slender bodies are discussed with particular attention to rarefaction effects,
viscous interactions and flow chemistry, This is followed by a brief review
(Sec. IV) of the similitudes for such flews. The next two sect’-ns {(Sec. V, Vi)
are concerned with the two studies carried cut as part of this in.estigation.

The concluding section summarizes the generzl findings of these studies.
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SECTION Il
COMPARISON OF WIND TUNNEL FLOWS WITH FLIGHT CONDITIONS

In this section the flight region of interest will be defined and related
to wind tunnel performance requirements. For the purposes of later compar-
isons of flight and wind-tunnel flow fie'ds, a hypothetical wind tunnel perfor-
mance is postulated. Test section conditions in this hypothetical wind tunnel
are compared to flight conditions. The effects of nonequilibrium nozzle flow
on wind-tunnel test conditions are estimated. Finally, the test conditicns
availzble in present-day wind tunnels are compared with flight conditions for

several velccities and altitudes,

The hynervelocity flight regime of interest in this study is the altitude
range from 50, 000 f{t. to 250, 000 ft. for velocities from 1Q, 000 ips to 36, 000
ips (see Fig. 1). This regime encornpasses all of the continuous flight corridor
lying above 10, 000 fps velocity and below 250, 000 ft. altitude and 21l of the
reentry corrider for manned sateilites and lunar vehicles (exc:pt portions of
skip trajectories). These flight regions are also shown in Fig. i. This
altitude-velocity map further serves tc define the range of values for various

similarity parameters and will be referred to frequently in subsequent sections.

The severe requirements that duplication of ambient altitude conditions
at hypersonic speeds imposes on a wind tunnel are illustrated in rFig. 2. This
altituce-velocity map shows the nozzle reservoir pressures and temperatures
necessary for duplicating flight conditions assuming an isentropic expansion
of real air in thermodynamic equilibrium. It should be noted that there are
few facilities presently operating at reservoir pressures greater than 2000
atm,; therefore, reservoir pressures above 4000 atm have 1ot been shown in
Fig. 2. In existing facilities velocities greater than 20, 000 fps can be
obtained, but pressure, temperature and density for altitudes below 250, 000 ft.

cannot be duplicated simultaneously.

In order to assess the magnitudes of the mismatches that can be expected
in a wind tunnel, it was necessary to specify a wind-tunnel performance cap-
ability. This was done with due regard to noczle-flow nonequilibrium effects,

in descriptions of recently proposed new facilities, several authorsS' 4 have
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adopted 2 maximum entropy criterion for minimizing nonequilibrium effects

in the nozzle flow. This criterion is based on the fact that the nonequilibrium
effects on the expansion of air from a stagnant reservoir to high velocity can
be correlated in terms of entropys’ 6. While specifying 2 maximum entropy
of, say, S/R = 31.5 implies that the nonequilibrium effects will be small in the
nozzle flow, it also limits the maximum altitude at which full duplication of
ambient conditions can be achieved to 190, 000 ft. The conclusion is that, if
air is expanded in a nozzle from 2 high temperature, high pressure reservoir.
nonequilibrium efiects cannot be eliminated when testing at high-altitude,

hypervelocity conditions.

The hypothetical wind-tunnel capability postulated in the present studyl’

is defined by the full-duplication boundary line shown in Fig. 2. Above this
full-duplication boundary, it is assumed that both flight velocity and ambient
altitude conditions could be duplicated in the test section if the nozzle expansion
remained in thermochemical equilibriura. Below this boundary line it is assumed
that the flight velocity and only one of the ambient altitude conditions (e. g.,
density-altitude or free-stream temperature) can be duplicated. In Reif, 1 it

was shown that nozzle noneguilibrium effects on test section velocity and density
are negligible below the full-duplication boundary for this hypothetical wind
tunnel. Estimates of the nonequilibrium effects on pressure, temperature and

Mach number in this partial simulation region are presented in this section,

Above the full-cduplication boundary of Fig. 2, duplication of velocity
and ambient altitude thermochemical state is compromised by nozzle flow non-
equilibrium. The effect on velocity was indicated in Ref. 1. Nonequilibrium

efiects on the test conditions will be discussed in greater detail later in this

section,

For the flow phenomena that are of interest in the present study, the
more important parameters to be duplicated in the partial simulation region
are the density-altitude (i.e., the free-stream density} and the flight velocity.
These two parameters insure the duplication of the fluxes of free-stream mass,

momentum and energy provided that M_sin@ (where 0 is the shock angle)

- rr. : a1 Ve mm Tl 3
is gufficienily large 50 thc bow shock wave iz everywhere stron
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In Section V a comparison is made of flight and wind-tunnel flow fields about
2 blunted slender cone. The three flight conditions considered in that study
are velocities of 15,000 fps and 25, 000 {ps at an altitude of €0, 000 ft. and
35. 000 fps at 180,000 ft. altitude.

ditions are substantially beyond the duplication capabilities of the hypothesized

It can be seen in Fig. 2 that these con-
wind tunnel., From the performaice capability hypothesized in Fig. 2, it is
possible tc determine the wind-tunnel test conditions when the flight velccity
and ambient density 2ititude are duplicated under the assumption that the nozzle
expansion is isentropic 2nd in thermochemical equilibrium. The validity of the
isentropic-equilibrium assvmption is then evaluated. The flight and wind-tunnel
conditions and related parameters for the three cases are compared in the

following tables for the case of an equilibrium nozzle flow.

Table TI-1|
COMPARISON OF FLIGHT AND HYPOTHETICAL WIND TUKNEL CONDITIONS
Case I: (/= 15,000 fps, 80,000 ft Alt.

PARAMETER FLIGHT WIND TUNKEL
YELOCITY, U, (fps) 15,000 15,000
BENSITY, /0 (aca) 3.420x1072|  3.420x1072
PRESSURE, p_ (ata) 2.765x10°2|  8.13ux1072
TEMPERATURE, 7., (*K) |220.9 §50.0

: MACH KUMBER, M, 15.34 9.042

! TOTAL ENTHALPY, -Z‘z- (°K)| 3.716x10% |  3.869x10%

| EXTROPY, S/R 26.44 23.14
Table II1-2

COMPARISON OF FLIGHT AND HYPOTHETICAL WIND TUNNEL CONDIT!ONS

Case IT: U= 25,000 fps, 80,000 ft Alt.

PARAMETER | FLIGHT WIND TUNKEL
VELOCITY, (/ (fos) 25,000 25,000
DEKSITY, /3, (ama) 3.420x1072 | 3.420x10"2
PRESSURE, £ (atn) 2.765x1072 | 1.513x107}

[ro]
TEMPERATURE, 7 (°K) | 220.9 1209
MACH KUMBER, M_ 25,57 11.25
HO o 5 5
TOTAL ENTHALPY, 2 (X)) 1.012x10 1.056x10
ENTROPY, S/R 26.44 30.99
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Table T3-3
COMPARISON OF FLIGHT AND HYPOTHETICAL WIND TUNKKEL CONDIT!ONS

Case TIT: (= 35,000 fps, 180,000 ft ALT.

PARAMETER FLIGHT  [WIND TUNNEL
VELOCITY, U (fps) 35,000 35,000
DENSITY, .o (ema) u.413x107% | 4.gi3ci07Y
PRESSURE, A, [atn) %.292x107% | 6.135x107%
TEWPERATURE, T, (*X) 265.9 380.0
MACH NUMBER, M ; 32,63 27.3%
TOTAL ENTHALPY, —2 (*K) 1.990x10° | 1.954x10°
ENTROPY, S/R 31.25 32,15

It is seen that, in the first two cases, appreciable differences in free-
stream pressure, temperature and Mach number exist between the flight and
wind-tunnel conditions. Along the lower-boundary of the altitude-velocity
map in Fig. 2, the mismatch in static temperature can be as great 2 factor
of 7 for the wind~tunnel performance hypothesized here. This emphasizes

the imgportance of understanding the effects of partial simulation.

Because the free-stream conditions ir the wind tunnel tabulated above
have been corputed under the assumption of an isentropic, equilibrium nozzle
flow, it 1s pertinent to investigate the effects the nonequilibrium phenomena
would have on these conditions. Lordi and Mates5 have shown that for a given
nozzle scale and geometry the nonequilibrium effects on composition and
thermodynamic state of the gas could be correiated with reservoir entropy.
Thus, their results can be used to estimate the nonequilibrium effects for the
present wind-tunnel conditions, These estimates are summarized in the

following table.

Table TI-4
NOZZLE HONEQUILIBRIUK EFFECTS IN HYPOTHETICAL WIND TUMNREL
CASE T CASE IT. CASE TIT
FREE-STREAM PARAMETER | U/ = 15,000 fps U, = 25,000 fps U= 35,000 fps
(U,) noNeQ/(U,,) EQ 1.00 0.995 0.'793
i
(700) uoxso/(ﬁ”) £Q % 1.00 0.815 0.700
C (T,) NoNEQ/(T,) EQ ! 1.00 0.790 0.670
( M) NoMEQ/( M) EQ 1.00 1.10 1.2
FREE-STREAM COMPOSITION (MOLES/gm OF MIXTURE)
| NITROGEK, N, 2.6x10"2 2.6x1072 2.6x1072
| OXVGEK, 0, 5,3x1073 5,3x1073 5.0x10™3
NITRIC OXIDE, NO 3.3x1073 2.9x1073 2.6x1073
ATOMIC OXYGEN, O 1.7x1074 7.7x107Y 1.7x1073




above of the full-duplication boundary, Fig. 2.

Table II-5

CASE

YELOCITY (ips)

ALTITUDE (ft)

3 T
T
T

15,000
25,000
15,000
25,000
35,000

180,000
180,000
252,000
250,000
250,000

e

3 altitude conditions. The results are given in the following table.

AEDC-TR-69-36

Even when nonequilibrium effects are energetically unimportant as in
the above three cases, the gas composition can be altered frorn that of undis-
_ sociated air, particularly through the formation of nitric oxide, as is shown
‘ in Table II - 4. The fact that the wind-tunnel flow composition is altered by
the amounts shown in Tabie II - 4 will not significantly affect the flow about
< body if the flow achieves thermochemical equilibrium after passing through
the bow shock wave. This is illustrated in Sec. V where the equilibrium
stagnation-point conditions are presented for the three foregoing cases
(Tables V-1, V-2andV -~ 3). A similar result is shown in Ref. 7. Further-
more, the effect of nozzle-flow nonequilibrium on free-stream pressure,

temperature and Mach number is to decrease the differences between wind

tunnel and flight conditions shown in Tables II - 1, - 2, and - 3.

Next, we consider the effects of nonequilibrium nozzle flow in the region
For convenience, we will con-

sider just the five velocity-altitude conditions listed in the following table,

YELOCITY-ALTITUDE CONDITIONS [N FULL-DUPLICATIOR REGICN

Using the frozen-enthalpy correlation with entropy givern in Ref, 5 and
in addition other correlations derivable from the results presented there,

estimates have been made of the nonequilibrium effects at the above velocity-
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% Table IT-6

: NOZZLE NONEQUIL!BR!UM EFFECTS IN HYPOTHETICAL WIND TURNEL

FREE-STREAM PARAMETER | CASE I¥ | CASEY | CASE ¥I | CASE YII | CASE YIIL

(Yo) noNEQ/ (Un) £Q | 0.977 0.992 0.945 0.980 0.990

(%) xone/ (%) £q | 0.770 0.770 | 0.550 0.550 0.550

. { 7o) NONEQ/ (70} EQ | 0.758 0.758 0.506 0.506 0.506

(M) xoweo/(Mo) €@ | 1om 1.13 1.29 1.34 1.36

FREE-STREAM COMPOSITION (MOLES/gm OF ORIGINAL AIR)

: N1TROGEN, K, 2.57x10°2 | 2.57x1072 | 2.88x10°2 | 2.58x10"2 | 2,58x10~2

‘ OXYGEN, 0, 5.45x10°3 | 5.45x1073 { 4,32x1073 | 4.32x10~3 | 4.32x1072
NITRIC OXIDE, NO 2.54x1073 | 2,54x10°3 | 2,33x1073 | 2.33x1073 | 2.33x10°3
ATCMIC OXYGEN, © 1.03x10™3 | 1,03x1073 | 3.53x1073 | 3.53x10°3 | 3.53x1073

The effects of nozzle-flow nonequilibrium on free-stream velocity (and

hence on density alsos) are not large for any of the above cases and could be

suitably compensated by adjustment in the total enthalpy. On the other hand,

appreciable effects on pressure and temperature occur, particularly at the

higher altitude (Cases VI - VIII). However, the resulting mismatches are

not as severe as those occurring at 80, 000 ft. due to tunnel performance

limitations. The most serious nonequilibrium effect for the above conditions is

the alteration of the test-gas composition, particularly at the higher altitude
where it is unlikely that thermochemical equilibrium will exist behind a2 bow

shock wave. Thus, the existence of free-~stream dissociation will influence

the flow-field chemistry about a model.

cf a dissociated free-stream on the flow in the stagnation region.

Inger8 has investigated the influence

However,

his method applies only for highly nonequilibrium free-stream conditions and
does not permit isolating the effects of free-stream dissociation from mismatches
in free-stream Mach number. On the other hand, Gibson9 has suggested a

“subtraction rule'" for accounting for the effects of free-stre.m dissociation
separate from other effects,

Finally, it is of interest to compare test conditions that might be
attainable in present-day wind tunnels with flight conditions for the velocity-

altitude cases listed in Table II - 5. For this purpose we select a maximum

reservoir pressure capability of 2000 atm and assume that reservoir temperatures
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up to 17,000 °K are available. This would provide flow velocities up to

36,000 fps for isentropic, equilibrium nozzle flow.

Ingpection of Fig. 2 indicates that, in the absence of nonequilitrium
effects, such a wind tunnel would provide full duplication at both altitudes
for U, =15,000 fps (Cases IV and VI). The nonequilibrium eifects on test
conditions for these two cases would be the same as listed in Table II - 6
for our hypothetical wind tunnel. For the remaining cases, the flight and
wind-tunnel conditions are compared in the following tables. Since full dupli-
cation is not possible for these cases, the wind-tunnel is assumed to operate
at p, = 2000 atm and to duplicate free-stream velocity and density. Here,
the wind-tunnel conditions are based on an isentropic, equilibrium nozzle

flow, The nonequilibrium effects will be discussed subsequently,

Table TI-7
COMPARISON OF FLIGHT AND 2000-ATM WIND TUNNEL COND!TIONS

Case V: (/, = 25,000 fps, 180,000 ft Alt.

PARAMETER FLIGHT WIND TUNHEL
VELOCITY, (/, {fps) 25,000 25,000
DENSITY, ,0_(ama) 4.413x107% 4.413x10"
PRESSURE, (atm) 4,292x107% 4.161x1073
TEMPERATURE, T (°X) 265.9 2475
MACH NUMBER, A7 23.30 8.325
TOTAL ENTHALPY, H /R °K 1.020x10° 1.137x10°
ENTROPY, S/R 31.25 38.77
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Tabie II-%
COMPARISOR OF FLIGHT AND ZOOU-ATH WIND TURKEL COMDITICKS
Case YIi: U= 25,000 ips, 25C.000 fi Alt.

o
{ PLRDETER FLISAT ¥iXD TUXEEL
YELOITY, UL {f5s) 25,990 25,090
' pEESITY, L (2ne) 2,807x307> 2.567x1075 |
PaESSu2E, £_ (eta) : 2.057x1673 1238307
TEWPERATURE, T_{°X} 1 1353 1203 {
§
MACH XUISER, AL F.13 o108
TOTAL SxisaLey &:2(°7) | 1.013xi0° i 1.035x10%
¥TI0PY, SR 33.2% ! 25.05 i

24600-2TN ¥iKD TUNNEL CONDITIONS

Table I1-5
COMPAR.SOR OF FLIGHT 2XD
35,

Case ¥iTI: U 600 fps, 250,000 fi Alt.
PARINETER ¢ FLIEET ¥I%D TUNNEL |
TELOSITY, Us (f3s) ! 33,000 35,000
DEESITY, O_(2ne) 2.507x1073 _ 2.897x1073
RESIRE, £_ (213) Po2,007x107% T 3.3mx10™ |
TEMPERATURE, T (*X) 195.5 3100 H
WACH MEMSER, M 33.05 8. 11
TOTAL ENTHALPY,%/R(°K) ! 1.e38x10° 2.235xi9°
ENTR0PY, S/R 33.25 35,20

Clearly the mismatches in f)q,, 7o and My zre large for these
three cases. The question is whether they are too large to permit simulation
of 2 Mach number independent flow. The simplest test of this is to compare
2guilibrium and irozer {low conditions behind 2 normal shock wave, The
ecuilibrium conditions for the flight case are given in Ref, 10. For the 2030-atm
wind tunnel they nave been calculated. The equilibrium flow ~esults are compared

in the following table.

10
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Table TI-106

COMPARISON OF EQUIL!IBRIUM COXDITIONS SEHIND
A NORKAL SHOCK WAYE
IX FLIGHT ARD 2000-ATH WIND TURHEL

! ARNETER | Fuigar | wind TUxNEL |
CISET: U, = 25,000 fps 180,000 FT ALTITUSE
PRESSUZE, g5 (et2) i 0.0 8
DESITY, g, (am2) | 7.7731077 | 6.731x10
TBHPERLTURE, T, (")) 6801 £952

CASE 3&3: U, = 25,000 fps 25C,000 F7 2.717UDE

PRESSURE. p (ain) 0.01957 .0183%
5 -"

DENSITY, 9, (ane) 2.196x1077 5.101x107°

TEMPERATURE, T_(°K) £9z9 6622

CASE ¥iJ¥: U_ = 35,000 fps 250,000 FT ALTITUDE

PRESSURE, 4 {ats) 0.03837 0.03856
DENSITY, 0, (2=a) §.815x10°% ¢.491x107%
TEMPERATURE, 77 (°K) 10,120 10,320

For frozen llow the ideal-gas shock equations are used with the proper values
of the specific-heat ratio for the wind tunnel conditions. These are 7( = 1,416,

1.401 and 1. 465 for Cases V, VII and VIII, respectively, The frozen flow
resuits are tabulated below.

1]
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Table TI-11

COMPARISCGN OF FROZEN-FLOW CONDITIONS BEHIND
A RORMAL SHOCK WAYE

IN FLIGRT AND ZOCO-ATM WIND TUNKEL

PARAMETER FLIGHT WIND TUNNEL
CASE ¥: U, = 25,000 fps 180,000 FT ALTITUDE
PRESSURE, p, (2tn) 0.271S 0.2655
DENSITY, o (222) 2.623x10°3 | 2,353x1073
TEMPERATURE, 7 (*K)]  28.310 238,610
CASE ¥I: U_ = 25,000 fps 256,00 FT ALTITUDE
PRESSURE, 2 {ain) 0.01730 0.01935
DENSITY, 1o, (ez2) 1.673x10°"% 1.612x10°%
TEMPERATURE, 7, (°K) 28,260 29,420

CASE ¥ITi: U, = 35,000 fps 250,000 FT ALTITUDE

PRESSURE, £ (ats) 0.03399 0.03300
DEKSITY, o, (am2) 1.678x107" 1.405x107%
TEMPERATURE, 7;(’1() 55,220 53,200

it is observed that for both eguilibrium and frozen flow the conditions
behind a normal shock wave in the 2000-atn: wind tunnel correspond closely
to the flight conditions for these three cases when nonequilibrium nozzle flow
effects are neglected. Thus Mach number independent flow fields would be

quite well duplicated in the wind tunnel if nozzle nonequilibrium effects were

not present,

When the flow field is not Mach number 'udependent, one must expect
differences as a result of mismatches in the free-stream conditions, For
Case VII(Table II-3) the relative free-stream difierences between the 2000-atm
wind tunnel and {light are nearly the same as those for the high performance
hypothetical wind tunnel in Case II (Table II-2). Thus, the results reported

for.this latter case in Sec. V would be indicative of the relative differences

12
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setween such flows in the 2000-atm wind tunnel for Case VII.' In Cases V and
VIl the iree-stream pressures and temperatures in the 2000-atm tunnel are
about 10 and 15 times greater than the corresponding flight values; however

nozzle nonequilibrium effects will reduce these diiierences appreciably,

Estimates of the nonequilibrium eifects on the iree-stream conditions
in the 2000-2tm wind tunnel have been made using the entropy correiations

described previcusly. The resuits are summarized in the following ta2ble.

Table IOI-12
NOZZLE HOKEQUILIBRIUM EFFECTS IN 2000-ATH WiHD TUKRNEL

FREE-STREAY PARAMETER CaSET | case YO | cuse T
(U dwoneg / (U)gg | 0.99 0.94 0.93
(2, Inoreg / ()zg 1.01 1.06 1.7
(£ inongg / (5 deg | 0.55 0.18 0.1¢
(Toduoneg / (T5)gg 050 0.14 0.07%
(M Inoneg 1 (My)eg 1.3 2.2 2.6
FREE-STREAM COMPOSITION (MOLES/gm OF ORIGIKAL AIR)

HITROGEK, K, 2.6x10°2 | 2.6x10°2 | 1.6x1072

OXYGEN, 0, 1.9x107° 1xio™Y
NITRIC OXIDE, KO 1xi0™% 6.3x10°% | 3.5x1076
ATOMIC HITROGEN, N 3.7x10°% | ixio7Y 1.9x10°2
ATOMIC OXYGEN, O 1sx1072 b oaaxien? b 1,ex1g72

When nozzle nonequilibrium effects are accounted for, the large
differences in free-stream pressure, temperature and Mach number between
flight and wind tunnel are drastically reduced. For example, in Case VIII,
the wind-tunnel Mach number is increased from 9,11 to 23, 7 compared to a
flight value of 38.05. On the other hand, the nozzle nonequilibrium aiters
the test gas composition in an undesirable manner. In Cases V and VII the
test gas is primarily a mixture of molecular nitrogen and atomic oxygen;

whereas in Case VIII it is composed of nearly equal parts of molecular nitrogen,

13




atomic nitrogen and atomic oxygen. Fortunately, large diiferences in

gas composition do not necessarcily result in proportionately large eifects
on pressure, density and temperature. To illustrate this fact, the limiting
cases of equiiibrium and frozen flow behind 2 normazl shock wa2ve have been
computed for the nonequilibrium iree-stream conditions of the 2000-atm

wind tunnel {Tzable 1i-12). The results are shown in Table iII-13.

Table 11I-13

EQUILIBRIUM AND FROZEN FLOW CONDITIONS BEHIRD A
NORMAL SHOCK WAVE N A KONEQUILISRIUM 2000-ATH WiND TURREL

PARRMETER | EquiLisriuu | FROZEX FLOX
CASE ¥: u_ = 25,000 fps 180,000 FT ALTITUDE

PRESSURE, o (sta) | ©.2083 0.2336

DEXSITY, g {ane) 6.912x10"3 | 2.238x1073
TEHPERATURE, 7 (°K) | 7135 26,500

CASE YII: U_ = 25,000 fps 250,000 FT ALTITUDE
| PRESSURE. g7 (ate) | 0.01328 0.01606

: | DEXSITY, g (232) 4.817x10™% | 1.566x1077
3 TEMPERATURE, T; (°K) | 5952 23,120

™

o

CASE ¥IM: U, = 35,000 fps 250,000 FT ALTITUDE

Lz AL

PRESSURE, g (atn) | 0.03u8s 0.03048

DENSITY, 0 (anma) 4.085xi0"% | 1.384x107%
S

| TEMPERATURE, T (°x)i 10,200 40,020

ble 11-10 shows

Comparison of the equilibrium-{flow limit with Ta

Caawilien

relatively little effect of the dissociated free-strearn on conditions behind

3 the shock wave. The differences from the flight case are, however,

3
E

somewhat larger than when nozzle nonequilibrium effects were not taken

into account.

Comparing Tables II-11 and II-13 indicates that in the frozen-flow
Iimit, the effects of nozzle flow nonequilibrium are more pronounced than
1n the above equilibriurn limit - particularly on the temperature 7g. Although
a direct comparison with Ref. 8 is difficult, these vesults are generally in

qualitative though not quantitative agreement with Inger's findings.

14
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SECTION Wi
GENERAL FEATURES OF BLUNT-NOSED SLENDER BODY FLOWS

The slender cone having 2 dlunted nose is of particular interest because
it typifies more general blunt-nosed slender bodies. In this section the varicus
features of the flow fieid about a slightly blunted cone are discussed for the
fl:ght region shown in Tig. i. The importarnt items to be censicered are rare-
faction effects, viscous effects and flow chemistry. Since these pheromena
aepend on geometry and scale, the discussion wiil pertain to the specific body
treated in Sec. V. This body has a cone hali-azngle of ¢° and 2 nose radius of
either 0.2 or 1.3 inches. ‘Where 2 length is needed, 2 value of 88 inches has
been assumed. In discussing the various phenomena listed zbove, it is con-
venient to consider the flow in the blunt-nose region separately irom the aiter
body {low along the cone. This distinction is reasonable since the flows in

these two regions may be quite dissimilar.

Because the flight region of interest (Fig. 1) extends tc an altitude of
250 Kit, the {irst concern is about the possible presence of rarefaction eifects.
As long as the bow shock wave is thin relative to the shock stand-off distance
at the nose and the shock-layer thickness along the cone, the flow may be
treated as a continuum {luid and rarefaction effects may be considered unim-
portant. Hayes and Probstein11 have considered the various rarefaction and
visccus interaction flow regimes and have estabiished simple criteria which

oo RTINS W T
will be alGopied ncere.

In the region of the blunt-nose, the mean-free-path behind the shock
serves as a measure of the shock thickness and the following quantities are

all of the same order of magnitude

s Ao | M
4 TR T Rpwe

where ,2, is the mean-{ree-path behind the bow shock wave, A is the shock

stand-off distance, ,Zao is the mean-free-path in the free-stream, R o is the
nose radius and ReR is Reynolds number based on free-stream conditions

N, oo
and nose radius. A swtable criterion for continuum flow in the ncse region is

15
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that these ratios be small compared to unity. Fig. 3 shows results for the
two nose radii of interest and indicates the various flow regimes defined by
Hayes and Probstein“. For each K, , the upper bound of the shaded region
is defined by A /R, 2nd the lower bound by M _, /Rep . This indicates
the degree to which these ratios differ. The boundarie:'&’ the flow regimes
shown in Fig. 3 are based on the criteria of Ref. 11 with the interpretation
that 1/10 is much less than one. Clearly, these boundaries are not distinct
as shown in Fig. 3, but should have some width analogous to the shaded arezs

shown for the two nose ra.ii.

From Fig. 3 it is seen that coatinvum flow exists at all altitudes of
interest for the larger nose radius and below about 225 Kit for the smaller
nose radius. It should be pointed out that in the incipient merged layer regime
the shock wave is not 2 thin discontimuity governed by the Rankine-Hugoniot
relations even though the flow may be treated as a2 continuum. Above 225 Kit

for the smaller nose radius, the continuumn flow concept begins to breakdown,

Having established that rarefaction effects are generally unimportant
for the bodies and flight conditions of interest, we next consider the importance
of viscous effects. For the flow about the blunt-nose, the regions of important
viscous effects are defined in Fig. 3. Considering just the smaller nose radius,
it is seen that the boundary layer is thin below 100 Kft. From 100 Kft to

about 160 Kft vorticity in the inviscid flow influences the boundary layer,

-

- YA o vrr ~ Al oo b s L. s b anle Tacen o ST~ Y
From io0 Kit to about 130 Kit, tne shock 1aye¥ becomes §

the bow shock may still be considered as 2 discontinuity, Above 190 Kft, the

rarefaction effects on shock structure begin to enter as just described,

Similar viscous interacticn effects occur on slender bodies as a
result of the relative thicknesses of the boundary layer and the shock layer.
These viscous phenomena take the form of weak and strong pressure inter-
actions between the boundary layer and the outer inviscid flow verticity
interaction, transverse ciLrvature effects and ultimately a fully viscous
shock layer., For slender bodies having a blunt nose, the inviscid flow
consists of an inner region of high entropy emanating from the nearly normal

portion of the detached bow shock and an cuter region of low entropy flow

16




POCRTIYI

WITYKT

AEDC-TR-679-36

which has passed through the oblique portions of the bow shock.  Thus, when
the boundary layer is thin, it grows within the high entropy layer. Eventually
all of the entropy layer is '"'swzllowed" by the boundary layer. Then the

outer edge conditions of the boundary layer are governed by the flow passing
through 2 much weaker bow shock. Clearly, the dewnstream influence of

the blunt-nose complicates the problem of delineating these various viscous

regimes.

Theoretical studies of these various effects in the flow of an ideal
gas about sharp and blunted cones and '"'power-law’ bodies have been reported
in Refs, 11 - 19. The more recent of these studies, which are also the most
complete in their inclusion of the effects described above, require numerical
solutions in order to achieve quantitative results. In view of the limited
results reported and the lack of consideration of real-gas effects, only qual-
itative estimates can be made of the flight conditions for which viscous inter-
actions are important. Based on consideration of the resuiis presented in
N (0.29 in)

viscous interaction effects are negligible below an altitude of 100 Kft, become

Refs, 11, 18, and 19, it would appear that for the smaller value of R

important between 150 Kit and 200 Kit and are dorninant at 250 Kit.

Finally, we must consider the nature of the air chemistry for
the flight conditions of interest. When the free-stream static temperature
is low { ~#300°K), the equilibrium-air solutions for coneszo indicate
that at values of M, sinG > 5 (where ¢ is the shock wave angle), the
temperature and density in the flow behind the bow shock wave differ
by 10% or more from the ideal-gas values. For a 9° half-angle cone
having, blunted nose, real-gas effects would be present ti:roughout the
flow field for M,> 29. At M, = 25, they would be present wherever
0z 11.5° or over most of the flow field since the asymptotic shock angle
is just 10.1°, At Mg = 15, real-gas effects would be present for §>16.5°*,
Since the detached bow shock decays to this value within three nose radii
and the asymptotic shock angle is 10.4°, the extent of real-gas effects
would be much reduced over the two higher Mach number cases but would
exitend beyond what is typically termed the entropy layer. Thus for the

flight cases of interest real-gas effects wiil not necessarily be restricted

17
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to the region of the blunt nose and the entropy layer emanating irom this
region. On the other hand, whenever the wind tunnel must resort to
partial simulation, the high free-stream temperatures may introduce

even more extencive regions of real-gas effects. The situationin this

c2se is much more complex, however, since the high free-stream

termnperatures are accompanied by lower free-stream Mach numbers
than in the flight case. The criterion M.sin0 > 5 for real-gas effects is

not appropriate when 7, > 300°K. Some indication of the presence of
real-gas effects in the wind tunnel case when none existed in the flight

case may be found in conical shock calculations presented in Sec. V.C.

The flow behind the detached bow shock at the nose must be treated
as a real-gas over the entire rarge of flight conditions being considered.
The question then becomes one of determining whether the flow may be
treated as equilibrium air or whether finitc-rate chemical processes (i.e.
nonequilibrium phenomena) are important. Criteria for delineating regions

of frozen, noneguilibrium and equilibrium chemistry are rather arbitrary.

HarneyZI and Wittliff et al.l have defined different criteria which are
compared in Ref, | for the flow about a blunt-nose of 1 foot radius. At the
boundary between frczen and nonequilibrium chemistryl' only bimo-
lecular reactions are important, Thus, binary scaling22 can be used to

apply Harney's results for a 1-ft nose radius to the radii of present interest,

On the other hand, binary scaling does not govern the approach to
equilibrium chemistry. However, the nonequilibrium normal shock wave
solutions reported in Ref. | have been used to define a distance required to
reach equilibrium. If this distance is small compared t» the shock standoff
distance at a blunt nose, equilibrium flow may be assumed. On this basis,
equilibrium flow boundaries have been estimated for the nose radii being
considered in the present study.

Fig. 4 shows the boundaries between frozen, nonequilibrium and
equilil rium flow for R 0.2'" and 1. 5" as determined by the above methode.
For the flight conditions and nose radii of interest, the assumption of frozen

flow is restricted to a small low-velocity, high altitude region, At low

18
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altitudes, the assumption of equilibrium flow is valid for a fairly extensive
range of velocities. The equilibrium criteria specified in Ref. 1 (namely,
that the temperature be within 1% of the equilibrium value} is quite restric-
tive, however; and equilibrium flow probably can be assumed tc e«1st over

a2 somewhat broader range of conditions than inaicated in Fig. 4.

19
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SECTION 1Y
REVIEW OF HYPERSONIC SIMILITUDES

A, INVISCID FLOW

The inviscid flow similitudes that are appropriate to slender bodies
are based on hypersonic small-dicturbance theory. Tsien ~ showed that for
the hypersonic, inviscid, irrotational flow of an ideal gas with constant
spec:ific heats past affinely related slender bodies, the requirement of dupli-

cation of Mach number, per se, can be relaxed provided that the parameter

24

MaT (where T is a characteristic thickness ratio) is kept constant, Hayes
showed the equivalence of a steady hypersonic flow over a slender body with
an unsteady flow in one less space dimension and thus extended Tsien's
result to rotational flow,

> extended this classical slender-body hypersonic similitude

2
Cheng
to include the effects of small nose bluntness and equilibrium real-gas
phenomena., Similitude of equilibrium real-gas effects 12quires duplication
of the ambient flow thermodynamic and chemical state (i.e. piessure py, ,
density ﬂo » temperature T, , and species concentrations X; . ) in addition

to the hypersoaic similarity parameter M,% . Through application of the

blast-wave analogy, Cheng found that for axisymmetric bodies sirnilitude of nose

bluntness effects requires duplicaticn of a bluntness parameter

z _ 4
K .'-':Md, Cbz% (IV-1)

N

where CDN is the nose drag coefficient, dy is the diameter of the
blunt nose and L is the body length, Cheng states his similitude

in the form

el M, K s pu X)) D)

with similar expressions for all other flow variables.

It is possible to rewrite the above similitude in the form

20
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Egs. (IV-2) and (IV-3) are entirely equivalent when the free-stream thermo-
dynamic state is completely duplicated. However, as mentioned previously,
mismazches in free-stream temperature are unavoidable at many altitudes
because of wind-tunnel performence limitations. In such cases, the form

of the similitude given in Eq. (IV-3) is to be preferred over that given in
Eq. {IV-2) since the former {by virtue of the Mach number independence
principle) represents the correct similitude when M_ T >> 1, even when

the free-stream temperature is not duplicated.

Cheng25 briefly considered the question of extension of the hyper-
sonic similitude to nonequilibrium flows. He suggested that for slender
bodies, a nonequilibrium similitude should exist for a two-compcnent react-
ing gas when M, % >> 1. The nonequilibrium similitude required that the
particle transit time L/U, be duplicated in addition to M,T, K, P Poo
and Xi o The formal development of the nonequilibrium hypersonicz(s)imil-
itude for a single-species diatomic gas has been carried out by Inger™ ", who
reached the same conclusion as Cheng. As in the equilibrium cage this
similitude contains the very stringent requirernent of duplication of the
free-stream thermodynamic state; a requirement that can not be satisfied
for low-altitude hypervelecity flight even in the hypothetical wind tunnel
described in Sec. II. In Sec. VI-D an extremely useful though restrictive
similitude is derived in which the requirement of the duplication of the

free-stream thermodynamic state can be relaxed.

It should be pointed out that Cheng's nose bluntness parameter does
not insure similitude of the flow in the immediate region of the blunt nose,
but only provides similitude of the nose-bluntness effects in the flow far

downstream of the nose.

2]
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The Mach number independence principle for the flow of an ideal
g2s p=2st 2 blunt body was firs: stated by Oswatitschz-[. For a perfect gas
having 2 constant specific-heat ratie, the Mach number independerce principle
specifies that the flow field behind the bow shock wave of 2 blunt body reaches
2 hmiting configuration zs the free-stream Mach number becomes very large.
Hayes and Probszein!l have generalized this prirciple. They show that two
geometrically similar {lows of 2 given gas with the same g and U, and
iarge. Sut different:, M, 2are not merely cimilar, but are essentially identical
behind the bow shock wave. Hernce, the independernce principle applies to all
recal flvid effects. 1t should be emphasized, however, that whenever dissipative
processes (i.e.. chemical relaxztion or viscous chenomenz) are presani,
the bodies must be not merely geometrically similar t-.t identical since
pariicle transit tame (L/U_ ) or length scale (L) must be matched in addition

=
4

to £ and U, .

The combdined requirements of the Miach number independence principle
and hypersonic slender-body similitude dictate that, when the combined effects
ci noneguilibrium pheromen2 ancé nose bluntness are present, complete dupli-
cat:on of iree-stream thermo-chemical state, iree-stream velocity and body
size and shap2 is necessary. However, ior those cases where these require-
ments cannot be fully satisfied because of wind-tunnel perfcrmance limita-

c

tions, it is perfierrable to duplicate Peos Un 2and body size.

Clearly, the practical usefulness of similarity laws depends upon their
range of applicability. A similitude cannot, by itseli, define the limits for
which 1t y:elds reasonzble results. This must be accomplished by correlations
of theoretical solutions or experimental datz in terms of the similarity para-
meters. Oiten, the similitude parameters are applicable over a wider range
oi Mach numbers and slenderness ratios than might be expected from the
assumptions made in their derivations. This is shown, for example, in the
coirelations presented in Refs. 28 and 29 for the case of an ideal gas. When
real gas effects are present, it has been shownl’ 2 that, for slender bodies,
the onset of Mach number independence does not occur until the Mach number

is significantly higher thzn in the corresponding ideal-gas case.

!
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B. VISCOUS FLOW

The similitudes that apply to hypersonic flows for cases where
transport effects due to viscosity, diffusion, thermal conduction and
the like play a role have been reviewed in Ref. 1. In addition Hayes and
Probstem30 have presented a fundamental description of viscous hypersonic
similitude for slender bodies including the implications of the Mach number
independr:nce principle for hypersoric boundary layers. A further discussion
of the combined effects of nose bluntness, boundary-layer displacement and

flow nonequilibrium on slender-body flow fields is given in Sec. VI-F of this

report.

For the case of sharp-nosed slender bodies, Hayes and Probsteinso
note that "it is impossible to find a2 viscous similitude for a fluid obeying
a general equation of state.' They go on to point out that when the inviscid
flow behaves as a perfect gas and only the boundary-layer flow exhibits
real-gas effects, a similitude is possible. The similitude requirements

for affinely related bedies are that the following quantities be duplicated:

MT , Uy, Py TL, bw/Ha

2
ard that the gas be the seme. Whenever /b = > (L, the enthalpy
ratio hw/Hx may be replaced by T,

In Sec. VI-F the viscous similitudes for blunt-nosed slender bodies
are discussed for the case where the boundary layer is thinner than the
entropy layer. For cases of interest here, the Mach number independence
principle provides similitude of the flow in the region of the blunt nose,
even when viscous effects are present, ifﬂ, » Uwn and the nose radius are
duplicated. Hcowever, the requirement that both o and g, be duplicated implies
that 7 is duplicated also. Thus, for slender bodies having blunt noses no
similitude exists and full duplication is required. An approximate similitude

can be found though for plane flows and is presented in Sec, VI-F.
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SECTION VY

COMPARISON OF FLOWS OVER BLUNTED SLENDER CONES FOR
PARTIALLY SIMULATED CONDITIONS

A, INTRODUCTION

We now turn our attention to the flight region below the full duplication

boundary of the hypothetical wind tunnel, Fig. 2. The objective of the study

is to compare flow fields in flight and in 2 wind tunnel when complete dupli-

cation is unattainable, Consideration is restricted to a blunted slender cone

as a typical body shape of interest. The only general solutions for blunted

. . . . . 31,32%
cones are for an ideal gas and involve certain approximations™ '~ . Exact

numerical solutions have been reported for both an ideal gas33’ 34 and equi-

librium real air In addition, a few numerical solutions for nonequilibrium

real air have been calculated (e.g. Ref. 36).
insufficient for the purposes of the present study because none of them corre-

These existing solutions were

spond to the cases of partial simulation in a wind tunnel being considered here.
Thus, in order to obtain a quantitative comparison of flight and wind tunnel

flow fields over a slender cone, it was necessary to undertake specific solutions.
As indicated in Sec. II this was done for three flight conditions.

In the present study a cone half-angle of 9° was chosen since it is a

shape that has been studied extensively (e.g. Ref, 37), In order to inves-~

tigate nose bluntness effects, nose radii of 0.2 and 1.5 inches were selected,
Calculations were made for air with frozen, finite-rate and equilibrium

chemistry to assess the importance of real-gas effects, Only the body stream-
line and a streamline passing through the outer oblique portion of the bow shock

wave were considered. These represent the two extremes of the total inviscid

flow field.

The free-stream conditions for the flight and wind tunnel cases have
been compared in Sec. II. In keeping with the similitude discussion of Sec. IV,
U. and 5{, are duplicated in the present calculations rather than .6, ,

In this section, the method of calculation is described and the detailed results

are presented and discussed.

* See Sec. VI B fcr a further discussion of these analyses,
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B. METHOD OF FLOW FIELD ANALYSIS

1. General Approach., The flow field about a blunted slender cone is

characterized by a detached bow shock wave at the nose which decays to a
conical shock wave far downstream. The flow entering the bow shock near the
axis experiences much higher entropy and temperature levels than the flow
passing through the more oblique outer portion of the shock. Along the body,
the flow is initially dominated by the presence of the blunt nose. However,
with increasing distance from the nose, the pressure gradually approaches
the equivalent sharp cone value, Rather than attempt an analysis of the
complete flow field, comparisons of the flight and wind-tunnel cases have
been made for just two streamlines: (1) the streamline passing through the
stagnation point; (2) a streamline passing through the conical portion of the

shock wave.

Because the body streamline will not differ greatly from adjacent
streamlines entering the nearly normal portion of the bow shock, the com-
parison between flight and wind tunnel for the body streamline will also

36
typify other streamlines in the entropy layer. In addition, Wood et al. ”~ have

shown that a body streamtube calculation based on the pressure distribution

for equilibrium flow is in good agreement with an exact method of character-
istics solution. The calculation for the conical-shock streamline typifies
conditions downstream of the nose where the flow conditions outside the entropy

layer approach the sharp cone values,

The body streamtube flow has been calculated using the CAL computer
program for the quasi-one-dimensional, inviscid flow of reacting gas mix-
tures . One of the capabilities of this program is to compute the flow of a
general mixture of reacting gases through a streamtube having a specified
pressure distribution. Thus, a first step in the present study was the deter-
mination of the pressure distribution on a blunted 9° half-angle cone at the
flight and wind-tunnel conditions of interest. In addition, it was necessary
to specify initial conditions at the stagnation point, For the latter, thermo-
dynamic equilibrium has been assumed., This assumption is well-justified
for the two velocities at 80, 000 {t altitude (Fig. 4); however, it is sowewhat
questionable for the case at 180, 000 ft particularly for the smaller nose

radius. Since the primary objective of the study is a comparison of flight

25
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and wind-tunnel flow fields, the relative differences between these flows are
more important than the absolute values, On this basis, the error introduced
in assuming equilibrium flow at 180, 000 ft altitude is believed to be accept-
able. The actual equilibrium stagnation-point conditions were obtained from
an equilibrium normal shock calculation followed by an equilibrium, isentropic

compressgion to the total enthalpy value (i.e. zero velocity).

2. Blunted Cone Pressure Distributions. The pressure distribution was

determined irom a study of existing flow field solutions. On the spherical nose,
the pressure was found to be insensitive to flow chemistry. This is illustrated
in Fig. 5 which shows pressure distributions on a spherical nose for an ideal

35,39 and nonequilibrium real air.

gas (f = 1.4), 33 real air in equilibrium,
The nonequilibrium pressure distribution was obtained using the computer
program reported in Ref. 40. The results shown in Fig. 5 encompass velocities,
altitudes and nose radii appropriate to the present investigation. Although the
ideal-gas pressures are slightly higher than the equilibrium air values, no
appreciable effect of chemistry on pressure is evident. The faired curve shown

in Fig. 5 has been used in the present study.

Along the conical afterbody ideal-gas and equilibirum air pressure
distributions do not exhibit the same agreement. This is illustrated in Fig. 6
where theoretical solutions for an ideal gas (7{ =1, 4)33 and equilibrium air35
are correlated as C}/?Q,_.z versus (9://2?;7(7‘/2,@”) . Distinct dif-
ferences between the two idea.-gas solutions and the several equilibrium air
solutions are readily apparent in this figure, Some comment on this correla-

tion is appropriate here, The exact similitude is of the form

= hag = (& M0 k) (-1

If equilibrium real-gas effects are to be included, then Y,{. has to be replaced
by fu 7- and X;, . Cheng has shown that in the limits Mo G >/ and

X~/ , the above similitude becomes:

e = (= 2%)

(V-2)
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where €= %;:/—/ . This is the result given by zeroth-order thin shock laye~—

theory, Griffith and Lewis41 showed that using Cp/?étz rather than

y WA y X N yielded better correlation of experimental data obtained
under essentially ideal-gas conditions. When A >>% , we note that Cp/’c’acz
reduces to Cheng's parameter. In the limit M,8.>>/ both parameters pro-
perly express the dependence of pressure on Mo8, . For values of M6,
below the Mach number independent regime, C’f/‘:'acz appears to provide
better correlation of theoretical solutions and experimental data even though
the theoretically proper similitude parameter is ﬂ.,/?f.ﬁ, M:@c_z . The
effect of a finite value of AM,6, can be seen in Fig. 6 by comparing the two
ideal-gas solutions for M, = 10and e at € = 10°. The major differ-
ence is in the region of the minimum pressure where both the magnitude and
the location are different. In contrast, the equilibrium air solutions show
the greatest disagreement close to the spherical nose and relatively good
agreement near the pressure minimum., When these same solutions were
correlated in terms of ﬁ”/):)bx Ml rather than (/26" , greater
scatter was found without any discernable trend due to #,&, . The solid
curve in Fig. 6 drawn through the equilibrium air correlation was adopted

for the present calculations.

After the recompression region downstream of the minimum pressure
point, the pressures approach the equivalent sharp cone pressures. The
sharp cone pressures have been obtained from a corrclation of ideal-gas

?

solutions4 and equilibrium air solutions. 20 An approximate fairing from
the distribution given in Fig. o tc the sharp-cone pressure for each free-
stream Mach number has been used. The final result is shown in Fig, 7 as
ﬁ/ﬂ,’ versus X/Ky . The curves are labeled by Case number (See Sec. II)
and whether they correspond to flight (Flt.) or wind tunnel (W, T.) conditions
as well as by free-stream Mach nuraber. The pressure distribution for

Case III W, T. M, = 27.34 has been omitted to avoid cluttering the figure
since it lies between the two lower curves,, It should be emphasized that

these curves do not exactly account for the effect of different values of Me

but have inherent in them the scatter observed in Fig. 6.

The final step in specifying the pressure distribution for the computer

27
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program was to fit polynomial functions to the faired curves shown in Figs. 5
and 7 for each value of #, . Each pressure distribution was divided into 8

intervals so that only third-order polynomials were needed.

3. Streamtube Computer Program. The computer program utilized for

the body streamtube calculations provides numerical solutions for the quasi-
one-dimensional, inviscid flow of chemically reacting gas mixtures as well
as the limiting cases of frozen and equilibrium f10w38. Vibrational excitation
can be either frozen at the initial level or in equilibrium with the translational
temperature. The latter option was utilized in the present work, Electronic
excitation is assumed to be in equilibrium with the translational temperature
also, For the flight cases, calculations were made for frozen, finite-rate,
and equilibrium chemistry., Whereas for the wind-tunnel cases, only finite-

rate or nonequilibrium chemistry calculations were performed.

The calculations for Case I ( {, = 15,000 fps) were made with an air
model consisting of 8 species (NZ, OZ’ Ar’ N, O, NO, NO+ and e ) and 11
chemical reactions38. This simple air model is justified because the stag-
nation-point temperature was less than 6000 °K, hence NO* was the only
significant ionized species. For Case II ({/, = 25,000 fps), the stagnation-
point temperatures approach 9000 °K, and it is necessary to include other
Consequently, a 12-species, 39-reaction air model was
utilized. The additional ionized species we e N,*, 0,%, N and 0%, The
12-39 air model was also used for Case III { {, = 35,000 fps) where the

ionized species,

stagnation-point temperature is somewhat higher than 11, 000 °K.

4. Conical-Shock Calculations. Conical-flow solutions have been correlated

in terms of the hypersonic similarity parameter M, sin ec for an ideal

gas44 and for equilibrium real air. 20 In the latter case, correlation obtains
only at a fixed free-stream statezs (i.e., at a fixed altitude); this is equiv-
alent to saying that the solutions for equilibrium air can be correlated in
terms of (/, sin ec at each altitude (see Sec. II}). In the present study,

{/ and 6, are duplicated, while M,sin © is not.
o (A p C

A conical-flow streamiine experiences a discontinuous compression

at the shock wave followed by an additional isentropic compression downstream
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of the shock., For siender cones at high Mach number, the isentropic compres-
sion is small compared to the shock compression, For the range of conditions
under consideration here, the pressure on tho cone surface is from 6 percent
to 13 percent higher than the pressure just behind the conical shock, the
density is from 4 percent to 9 percen: greater, and the temperature from
1.5 percent to 3.5 percent greater, Thus, for present purposes of compar-
ison of flight and wind-tunnel situations, it is adequate to calculate only the
conditions immediately behind the shock. In these calculations, account must
be taken of the high free-stream static temperatures occurring in the wind-
tunnel cases because they introduce real-gas effects at lower values of

Mysin ec than predicted by the solutions reported in Ref. 20, Utilizing
the fact that the shock angle and pressure are relatively insensitive to real-
gas effects, it is possible to use Refs., 20, 42, 43 to obtain solutions for
equilibrium air for the wind-tunnel cases. The highest temperature computed
for these cases was less than 2300 °K. At such temperatures, any nonequi-
librium phenomena will not introduce variations in the flow quantities that
are any larger than the already neglected effects of the isentropic compression,

Hence, it is sufficient to consider just the equilibrium-air case.

For these conical-shock calculations, any nozzle flow nonequilibrium
effects will influence the flow downstream of the conical shock wave. To
assess this influence, conical-shock calculations were also made for frozen
flow utilizing the estimated nozzle nonequilibrium conditions presented
earlier. The resuits are then compared with the equilibrium air calcula-

tions,

C. RESULTS OF CALCULATIONS

1. Equilibrium Stagnation-Point Conditions. Before presenting the results

of the streamtube calculations, the initial stagnation-point conditions will be
compared. For the flight cases, these results were obtained from Ref. 10
whereas the wind-tunnel results were calculated from an equilibrium normal-
shock solution followed by an isentropic compression to the total enthalpy

state (i.e., zero velocity). Since the nozzle-flow nonequilibrium effects are
not large for these three cases (Table II-4), the wind-tunnel equilibrium free-
stream conditions have been used {Tables II-1, -2, -3), The following tables
present the pressure, temperature, density and species concentrations (moles/

gm of mixture) at the stagnacion point for thermochemical equilibrium,

29
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Table X-1I

COMPARISON OF STAGNATION - POINT CONDITIONS
fase I, U,= 15,000 fps

THERMODYNAMIC QUANTITY FLIGHT WIND TUKNEL
PRESSURE, 4, (atm) 8.701 8.727
TEMPERATURE, 7' (*K) 5472 5650
DENSITY, o (ama) 0.3632 0.3500

SPECIES (MOLES/gm OF MIXTURE)

Ny 2.573x1072 | 2.56x10~2

0y 2.291x10°% | 1.662x10°%
1.002x10~3 | 1.409x1073

0 1.266x10°2 | 1,283x10°2

NO 1.467x10"3 | 1,323,103

ROt e 2.423x10°6 | 3.269x1076

Table ¥-2

COMPARISON OF STAGNATION-POINT CONDITIONS

Case IT, U,= 25,000 fps

THERMODYNAMIC QUANTITY FLIGHT WIND TUNNEL
PRESSURE, ., (atm) | 24.u3 24.50
TEMPERATURE, 7,’ (°K) 8632 8730
DENSITY, 0, (ama) 0.4814 0.4704

SPECIES (MOLES/gm OF MIXTURE)
My 1.289x10™% | 1.209x10°%
0, 9.153x1078 | g.355x1076
N 2.767x10"2 | 2,928x10"2
0 1.401x1072 | 1,404x10~2
KO 4.059x10”% | 3.80ux10™"%
e 7.88x10°5 | 8.780x107°
Nyt 4.939x1076 | 5.580x1078
0, 8.984.1078 | 9,265x107°8
N 2.422x10™ | 3.004x10"5
ot 9.088x1078 | 1,085x1073
No* 4.051x10"% | 4. 115x1073
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Table ¥-3
COMPARISON OF STAGNATION-POINT CONDITIONS

Case IIT, U, = 35,000 fps

THERMODYNAMIC QUANTITY FLIGHT WIND TUNNEL
PRESSURE, p, (atm) 0.6202 0.6199
TENPERATURE, 7. (°k) | 11,190 11,230
DEKSITY, 2, (ama) 0.0703 0.0698

SPECIES (MOLES/gm OF MIXTURE)
H, 2.642x1073 | 2, 500x10"5
0, 3.136x1678 | 3.0u7x1078
R 4,901x10°2 | 4,ggsx1072
0 1.365x1072 1.363x10°2
NO 1.365x1078 1.313x1076
e 5.688x10"3 | 5,883x10"3
Nyt 2.044x10° | 2,02ux107®
0, 1.704x1078 [ 1, 703x10°8
Nt 4.854x10"3 5,020x10"3
ot g.293x10°% | 8.573x107%
no' 3.369x10-6 | 3.297x1078
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In comparing the flight and wind-tunnel conditions it is seen that all of the

thermodynamic state variables (f,' ) 7;', and /0,' \ differ by less than 4

percent for the three cases. This is a direct result of the flow being Mach

number independent., On the other hand, mismatches of up to 40 percent
occur for the species concentrations but only in the case of species having
very small concentrations, These large mismatches result from being in a
temperature-density region where certain species concentrations are very

sensitive to temperature (e.g., see Ref, 45),

2. Body Streamtube, Case I { (/o = 15,000 ips). Typical results of

the body streamtube calculations for Case I are shown in Figs, 8 - 11, In

each figure, the four curves represent the frozen, equilibrium and finite-
rate (or nonequilibrivm) solutions for the flight case. The symbols in
these figures represent the nonequilibrium solutions for the wind-tunnel
case, In these figures the results are shown as a function of distance along
the cone surface in units of nose radii (S/RN). When nondimensionalized

in this manner, note that the frozen and equilibrium solutions are independent

of body nose radius while the nonequilibrium solutions are not,

The temperature (T/TO/ )} is shown as a function of S/RN in Fig. 8.
Presenting the temperature as T/T(; masks the effects of the small differ-

ences in 'I‘ol between flight and wind tunnel, and emphasizes the differences

resulting from the mismatch in M_, . Comparing the flight and wind-tunnel

nonequilibrium solutions, it is noted that the temperature ratios T/To/
differ by less than 10 per cent for either nose bluntness even though the free-
stream Mach numbers differ by over 40 percent and the pressures along the
cone differ by up to 25 percent (Fig. 7). The im_ortance of flow chemistry
and its dependence on nose bluntness are clearly evident in Fig. 8 when the
flight solutions for frozen, finite-rate and equilibrium flows are compared.
Note that along the cone the equilibrium temperature is about 60 percent
higher than the frozen-{low temperature. Although equilibrium and frozen

solutions are not pr« sented for the wind-tunnel case, they lie about 10 per-

cent above the corresponding flight solutions.

The density distributions ( /0//0“’ ) are shown in Fig. 9. In general,

the density follows the same pattern as the temperature except that the
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relative levels of the frozen and equilibrium solutions are inverted. Again,
the wind-tunuel densities for nonequilibrium flow are within 10 percent of
the corresponding flight values.

Aiong the spherical nose (S/RN =< 1.4), where the flow is Maca

runiber ind¢rerdent, the wind-tunnel temperatures and densities are essen-

tially identical to the flight values.

Although the velocity distributions are not shown, they increase
rapidly along the spherical nose and lie between 60 percent and 70 percent
ot U, along the conical afterbody for all cases. Typically, ths wind-
tunnel values lie about 1 percent to 2 percent above the flight case for non-
equilibrium flow. The frozen-flow velocities are about 7 percent lcwer

than the equilibrium velocities,

In examining the distributions of species concentrations, it 1< inter-
esting to note that nonequilibrium distributions are not necessarily bounded
by the frozen and equilibrium solutions as are the velocities and thermo-
dynamic state variable (T andlo ). This is the case, for example, for nitric
oxide (NO) which is shown in Fig. 10. The nonequilibrium concentrations
fall below the frozen level while the equilibrium concentrations lie above
the frozen-flow value. A comparison of the flight and wind-tunnel nonequili-
brium concentrations indicates that the initial differences are approximately
maintained up to the point where the concentrations start to approach equili-

brium,

The atomic oxygen (O) concentrations shown in Fig. 11 are an example
where the nonequilibrium case is bounded by the frozen and equilibrium
distributions, The effect of nose bluntness is quite striking here, For
R,. = 0.2 in,, the oxygen atom concentrations essentially remain frozen

N

at their initial value well downstream of the nose, while for RN = 1.5 1in,

the concentrations show a steady decrease toward tne equilibrium case.

At Um = 15,000 fps, molecular nitrogen is relatively undissociated.
The total variation from the stagnation-point concentrations is only 4 percent
for all cases. The other species (N, 02, NO+ and e ) do not exh:bit any

unique behavior and are not presented either,
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3. Conic2l-Shock Cziculations, Case 1 { (/.= 13,000 ips). The celatively

in pressure, Cexsity 2082 tempsrT2ture between the conical

sm2li vanaiien
shock wave and cone curiace has beex citad previously as the justification for
compaming caly the conditicns just behind the conical portion of the shock wave
for the wind tumnel 204 fiight cases. Tais comparison is shown in

table. Tor cooveniexmce, 2 compariscn o scme of the free-siream conditions
are tabalated zlse. The sthecTipt Ts™ releTs 10 egunilibrium coxditions just

behing the shack wave., Tor Case i, the effect of mozzle-fiow noneguilibriam

oo the thermmodymammic si2le variabies is iese than 1 percers 2nd has Dot been

considered here,

Tzbls T8
COMPARISON OF FREL-STREAM AX5
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. Body Streamtube, Case I {Us = 25,000 fps). Typical results of the

-
ey

c-

ody streamtube czlculations for Case I are shown in Figs. 12 - 16. The

figures follow the same format as the set for Case I; namely. the four curves

v

re for the flight cases and the two seis of symbols represent the nonequili-
brium wind-tunnel cases (R = 0. 2 in. and 1.5 in.). Again the 2bscissa in

each figure is distance along the cone in units of nose radii (S/R,.).
N

The temperature distributions (1/1 ) 2are shown iIn Fig. 12. The

general feztures are the same as Case | (E-‘z . 8); the flight solutions orient

themselves in the order eguilibrium flow, nonequilibrium flow for the blunter
Bripm

zose (R\. = 1.5 in.), nozeguilibrium flow for the sharper nose (’-'(.:,\ 0.2 in.),

, it is noted that for

&ng finally Irozen flow. iIn cemparing Case Iand Case

!

Case Ii the noneguilibrium solutions lie cioser to the ecuilibrium solution
eguiitbmum levels, 2lso the frozea and

eguilizrium soletions lie farther zpart than in Case L No simple explarnation

can de given Ior the closer agreement of the ecuiiibrium zrnd nonequilibrium

sclutions for Case II. I resulis from complex differences in the 2ir chemist

Ior the wD cases. Somez ol these differences will be noted in the discussion

of the spacies concentraiions. The larger differences beiween the frozen

'

and eguilthripm soluiions in Case I compared to Case I occur because the
higher siagsation-30int temperaiure in Case I produces a greater degree

of disspciation which 315 mainizined in the irozes fiow calcuization.
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Typical species concentrations are shown in Figs. 14 - 16. Molecular

nitrogen (1\'2) is shown in Fig. 14. It i3 seen that in Case II, the nonequilibrium
concentrations lie between the frozen and equilibrium levels. Also, the wind
tunnel concentrztions uniformly lie below the corresponding flight values by an
amount essentially equal to the initial differences. Finally, the variation of
N, concentrations 2long the cone is much greater than in Case I 160 percent
versus < percent).

The nitric oxide {NO) concentrations, shewn iz Fig. 15, exhibita
somewhat different behavior irom Case 1 (Fig. 10). The {irst notable difier-
ence 1is in the equilibrium case. In Case I, ecquilibrium chemistry resalted in
2 net production cf NO above the initial concentration along the cone, whereas
:a Case I NO is consumed a2nd fialls below the iritial concentraticn. The no=n-

nty

equiiik rinm solutions show 2n even greater reduction in NO concentration

iollowed by a return io the equilibrium levels. For the biunter nose, the
equilibrium chemistry produces fivctuations in the NO concentrations just
downstream of the nose. These are observed in dboth the flight and wind-
tunnel scluirons. The agreement beiween the flight 2nd wind-tunnel solutiors
is quite good up to about S!-.\ 2, After that, larger differenczs azre noted
until the iical approach to equilibrium.

For Case I, oxygen is essentially felly dissociated and as a resul:
the concenirations vary Dy less than € percent for 211 cases throughout the
flow field. The concentrations lie in the range 1.40 x 1072 10 1.25x 1072
moles. gm of mixture arné are not shown.

The ztomic nitrogen {N) concentrations are shown in Fig. 15, Like

por

moiecular nitrogen, the nonequilidbrium concentrations lie between the irozen

ané equiltbrium cases, and 2pprozach the eguiiibrium levels at large vaiuves
ni S°F Also, the 1nit:zl differences in concexntration between the wind-

WU
tunrnel ancd flight cases tend t0 persist throughout the flow. Ior brevity, the

distributions of the other species are omitted.

"y

5. Comical-Shock Calculations, Case I (U = 23,000 ips). Tor Case U,

the differences in T, ﬁm and M, between wind tunnel and flight are approx-

imately twice as great 2s in Case 1. In addition, the eifects of nozzle-iflow
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noneguilibrium, while smali compared to the miematches in free-stream
conditions, are not negligible as they we:e for Case 1. In taking nozzle-flow
nonequilibrium effects into account, two limiting cases exist: either the flow
equilibrates immediately behind the conical shock or the composition remains
{rozen at the free-stream values. In both cases, the reduction in free-stream
pressure and temperature due to nozzle nonequilibrium is more significant

than the increase in M As a result, the efiect of nozzle-flow nonequili-

o -
brium is to improve the agreement betweenr wind tunnel and flight. The

follewing tatle compares iree-stream and conical-shock conditions for the
case of equilibrium nozzle flow and, hence, represents the maximum mis-

matches that could occur.

Table ¥-5
COMPARISON OF FREE-STREAM AND
CONICAL-SHOCK CONDITIONS
Case II (U,= 25.000 fps)

{ PARINETER FLIGHT WIND TURREL
DM, 25.57 1.25 |
© g ets) | 2765002 | Lsisxi0” i
T (X} ! 220.9 1203 1
g, (f25) - 23.625 23.58¢ |
| g (2m2) 0.3737 0.1139 ’
L P (2tn) 0.6636 0.7%07 i
i T, (°K) i 1032 1957 }

As ir. Case I, the differences between flight and wind-tunnel conditions
are appreciable, zlthough less than the iree-stream difierences. Again, if
M sin ec rather than U sin ec wvsere duplicated in the wind tunnel, the
shock ratios (Pslf?a, etc. ) would be much closer. However, the temperature
Ts in the wind tunnel case would then be about 40006 °K and real-gas eifects

would be important,
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6. Body Streamtube, Case III (U, = 35,000 fps). Before presenting the

calculated resuits for this case, a strong note of caution in accepting the

absolute values as accurate must be made. At 180, 000 ft altitude, the relax-
ation zone behind a normal shock wave at U, = 35,000 ips is on the order

of 1/2 inch thick® which is larger than the shock stand-oif distance for both
nose radii of interest. Furthermore, Fig. 3 incicates that low-density Viscous
effects wiil be present in the flow about the blunt nose. Also viscous interaction
efiects will exist in the fiow along the conical afterbody. Thus, an accurate
prediction of such 2 complex flow must include the corubined effects of thermo-
chemical nonequilibrium and viscous interactions both in the region of the
blunt nose 2nd 2long the conical afterbody. Undertaking such 2 solution was
not felt justifiable in view of the relatively small diffearences between the

flaight and wind-tunnel iree-stream flows at these velocity and altitude con-
ditions (Table I1-3). In fact, when the wind-tunnel free-stream conditions

are corrected for the estimated nozzle nonequilibrium eifects (Table Ii-¢%),

asa

the flight and wind-tunnel conditions are nearly identical. This is shown in

the following table which compares ilight conditions with equilibrium and

estimated nonequiiibrium wind-tunrel conditions.

Table ¥-6

COMPARISON OF FLIEGHT AND WIND-TUNNEL CONDITIONS
Case IIT Y, = 35,000 fps 180,000 7t Aii.

PARAMETER FLISKT | EQUILISRIGH | XOXEQUILISRIUK
¥IND TUNKEL ¥!HD TUKKEL
YELOCITY, ¢/ (fps) | 35,000 35,060 32,000
DERSITY, p_(em2) 2.213x10°% | z.gi3x107% %.55x167%
PRESSURE, p_(atn) £.292x10"% | 6.135x10°% 5.23%c10"%
TERPERATURE, 7, (*K) | 265.9 380.0 235
MACH NUKBER, p_ 32.63 27.3% 33.1

Thus for Case Il the primary difference between {flight conditions and

the wind tunnel, when nonequilibrium efiects are taken into account, is in the

composition of the test gas (Table II-4).
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In order to show the maximum differences that could be expected for
this case, the eguilibrium wind-tunnel conditions have been used rather than
the estimated nonegquilibrium conditions. The body streamtube calculations
were made in 2 manner completely analogous to the two preceding cases. The
equilibrium stagnation-point conditions have been compared in Table V-3 and
indicate very little difference between flight and wind tunnel. Thus, while the
calculated results may not be quantitatively accurate the relative differences
are probably representative of the actual flow situation. Typical results for
Case Iii are presented in Figs. 17 tc 20. As before frozen, nonequilibrium
a2nd equilibrium soiutions are shown for the flight case (solid curves) and

onequilibrium solutions only for the wind-tunnel (symbols}). The zbscissa

ol

in each figure again is distance along the cone in units of nose radii.

The temperature distributions (T/T; ) shown in Fig. 17 are very much
like those for Case I except that the difference between the firozen and equi-
itbrium soilutione is more pronounced. However, the wind-tunnel solutions
are essentially identical to the flight solutions. This is to be expected in view
of the small differences in free-siream conditions between wind tunnel and

fligrt. Also, we note that the effect of nose radius on the nonequilibrium flow

-

is much smaller for Case IIi than for Case II (Fig. 12).

=

The density distributions ( e/?, ) for Case Iil are shown in Fig. 18,

Tne behavior is very similar to Case II (Fig. 13) except that the wind-tunnel
and ilight soiutions are in much better agreement than in Case I, Agzin, the
very small effect of nose rzdius on the noneguilibriem {low is noted.

In the assumed equilibrium stagnation region for Case IIi, nitrogen
and oxygen are essentially completely dissociated. Thus, atemic nitrogen 1s
the dominant species and atomic oxygen is the second most abundant. Little
recombinaticn occurs in the expansion 2long the body so that the ccncentrations
of these species do not vary greatly. The atomic nitrogen (N) concentrations

are shown in Fig. 1§, where it is noted that tne total variation is less than

10% of the st? znation-point concentration. For equilibrium and noneguilibrium

N
than in Case II (Fig. 16). In Case II, both equilibrium and n

flow the variation of the concentrations with 5,/R,, is quite different ir Case Ui
onequilibrium
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solutions showed 2 decrease in concentration along the body. In Case III, the

nonequilibrium solutions show a general increase in atomic nitrogen con-
centration with increasing S/RN » while the equilibrium solution yields a
very nonmonotonic behavior. Because the atomic oxygen concentrations only

vary +5% from the stagnation-point concentration, they are not shown.

The atomic nitrogen is about 10% ionized at the conditions for Case Il

. s - . +
a2nd is the largest scurce of electrons. The atomic nitrogen ion {N') concen-

trations are shown in Fig. 20. Within a distance of 100 rose radii the non-

equilibrium concentrations decrease by a factor of 3 to 6 (depernding on R.N)
below the initial values, whereas the equilibrium eolution shows a decrease
of well cver an order of magnitude. The electron concentrations show 2
similar behavior.

It can be seen in Table V-3 that the other species are much less

abundaxnt; hence, their concentrations are rot shown.

7. Conical-Shock Calculations, Case III {U, = 35, 000 fps). Using the

equilibrium wind-tunnel conditions, which provide the largest difierences
from the flight conditiors, the equilibrium conditions behind a conical shock

wave nave been calculated and are shown in the fcllowing table., The diifer-

ences are seen to be very smaii.

Table ¥-7

COMPARISON OF CONiCAL-SHGCK CONDITIONS
Case [IT { {/_ = 35,000 fps)

PARAMETER FLigsT ®IND TUNMEL |
U, {fred 33,500 36,500
,% {zma) 6. 00255 ©.0025)
2 {at=) 6,018l 9.0187
. °x) 1710 1849
40
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D, DRAG, SKIN-FRICTION AND HEAT TRANSFER COMPARISONS

The results of the preceding calculations can be used to estimate the
drag, skin friction and heat transfer to a biunted 9° cone. The total drag
consists of pressure drag and skin friction which are in turn influenced by
contributions due to viscous interactions. Other influencing factors are boun-
dary layer transition and the question of when the entropy layer near the body
is engulfed by the boundary layer. Zzkkay and Krausse46 have given a general
expression for predicting this "swallowing distance X;, . Using their result
the swallowing distance has been estimated for the conditions of present

interest 2nd is given in the fcllowing table.

Table Y-8
ENTROPY LAYER SWALLOWING DiSTANCE (Xgy, FT)
Ry = 0.2 IN Ry = 1.5 I Xsw/ Ry
CASE | FLIGHT | WIND TUNNEL | FLIGHT | WIKD TURHEL | FLIGHT | WIND TUNKEL]
I | 258 3.7% 35 52 278 409
o | 2.0 6.1 33 63 273 4oy
oI | o0.1s 0.15 2.0 2.3 15.9 18.0

We note in 2ll cases the swallowing distance for the wind tunnel case
is equal to or greater than the distance for the corresponding flight case. Also,
in terms of ncse radii the swallowing distance is greater than the range of the
results presented in Figs. 8-16 for Cases I and II. Boundary layer calcula-
tions based on the body streamtube results can be considered valid for dis-

tances less than the swallowing distance.

Clearly, accurate predictions of the total skin friction drag or total

heat transfer to a blunted cone must take account of the transition of the boun-
dary layer from laminar to turbulent flow. In the present study, however,

our primary objective is a comparison of flight and wind tunnel flow fields.
For this purpose we restrict our attenticn to the laminar boundary layer region

only,

41
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1. Pressure Drag. The effect of nose bluntness on the pressure drag of a

cone is not dependent on RN per se but rather on RN/RB and on the cone
angle, Specifyiag RN/ RB for a given cone angle ec implies that the length
is known. If we take a length of 88 inches, then the nose radii of 0.2 in. and
1.5 in, correspond to R’N/RB = 0,015 an* 0,10. For a 9° cone and such
small values of R,./R_, the pressure drag coefficient is essentially equal to

that of a sharp cone?7 and the length is immaterial. We can then compare

Sttt PG 2o it

a1 ca

the sharp cone pressure drag coefficients for the three flight and wind tunnel

Ty

cases considered here. As we have seen in Fig. 7 they will not be identi.2a).

gyt

The pressure drag coefficients obtained from the correlations reported in

Ref, 44 are tabulated below.

TR T

Table ¥-9
PRESSURE DRAG COEFFICIENTS

(x| oA

ory

CASE | FLIGHT | WIND TUNNEL
I 0.0528 0.0550
- o | o.0s18 0.0540
] I | 0.0516 0.0517

TTYYLT

The differences between flight and wind tunnel are only 4% even when the

3 free-stream Mach numbers differ by a factor of 2 {Case II).

2. Viscous Drag., At the low altitude condition (Cases I and II) boundary-

layer transition must be considered. Although the local Reynolds numbers
and Mach numbers obtained from the body streamtube calculations are such

that one would not predict transition, once the entropy layer is swallowed by

AT T Y TP T ST

the boundary layer, transition would be predicted. The present calculations

do not permit determining these details, One can make comparisons though

T

for the portion of the cone where the boundary layer remains laminar assuming
this region to be governed by the entropy layer.

Taub has correlated a large amount of wind tunnel date for blunted

cones“28 He finds that the drag correlates as ’CD versus U, where

Ty KT
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c, = c,,/(/ + 0.375 B%) sin” 6,
and

- (1 + 0.¢ T/ To )eos 6.

M, 1/C
v 1+ o.375lﬂ') sin® 6, © */Re"‘”
I
where ﬁ = -B;%fé’—
e

(1+3 TR/T‘,') . Based on

Taub's correlations, we observe that for the present conditions» the drag coef-

Here (C, = ptx 7w /IU.Q,T; where 7% =

ficients obtained in the hypothetical wind tunnel would be the same as in flight

if the wall temperature T = were duplicated.

3. Skin Friction and Heat Transfer. For the laminar boundary layer

region on a blunted slender cone, the heat-transfer distribution can be cal-

culated by the local similarity method of Lees49. For hypersonic flow over
2 blunt-nosed cone, Lees gives the ratio of the local surface heat-transfer

rate to the stagnation-point heat transfer as

o = )(Ue)R JRY -

P @) (e s ()

where .70

the local static pressure

H

stagnation-point pressure

local inviscid flow velocity

free-stream velocity

Uc
Ua
R cross-sectionai radius of the body
S

distance along body surface

nose radius

Ry
dve /d (5/Ru),

velocity gradient at the stagnation point

The body streamtube calciilations can be uced to compute iw / g', from
Eq. V-1,
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The result for Case II, which represents the largest mismatch in
free-stream conditions is shown in Fig. 2la, We note that the distributions
for equilibrium and frozen-flow differ by only 15 to 20 per cent along the cone.
The insensitivity to chemistry is further borne out by the closeness of the
nonequilibrium flow curves for the two nose radii. Along the cone wind tunnel

values of gw/ g', are about 10% higher than the flight case.

Use of Eq. V-1 implies a fully catalytic wall. In this case there is
little influence of chemical reactions in the boundary layer on surface heat
transferl. Inger >0 has shown that blunt bodies having a metallic-type surface
behave as very nearly perfectly catalytic at all altitudes below 300, 000 ft for

U, = 26,000 fps. Therefore, the present results are deemed reasonable.

Skin-friction distributions can be obtained from the heat-transfer

distributions through the modified Reynolds analogy relation

1 -2/
& =2 G R (V-2)
where C, = ?'U /Fz Ue (Hadw - H,)
Cr = T/ % e U
f = Prandtl number
¢, = inviscid-flow density at edge of boundary layer

! 2
Hod,= He + # Pr ™ Ue , the adiabatic-wall enthalpy
= static enthalpy at the wall

X
3
1

T.. = shear stress at the wall

Computations of Cs based on Eq. V-2 and the results contained in Fig. 2la
are shown in Fig. 21b for Case II. The frozen and equilibrium flow distribu-
tions are shown oniy for the flight case with R, = 0.2 in. The corresponding

N
distributions for F, = 1.5 in. can be obtained from these curves by multi-

plying by the ratio (S; the stagnation-point heat-transfer rates. The difference
between the equilibrium and frozen-flow curves varies between 15% and 25%
along the body. The nonequilibrium wind-tunnel results are in good agreement
with the corresponding flight case for both nose radii. In these calculations

the wall temperatures have been taken as 1000 °K for the flight cases and
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300 °K for the wind tunnel cases, Thus, the sensitivity to wall temperature

is weak,

The stagnation-point heating rates calculated for Case Il are given in
the following table.

Table ¥-10

STAGNATION-POINT HEAT TRANSFER
Case IT ¢, = 25,000 fps 80,00G ft Alt.

Ry (IN.) 4, (BTU)/FT2-SEC
FLTGAT WIND TUNHEL
0.2 19,700 21,900
1.5 7340 . 8160

The nigner heat transfer for the wind tunnel is a2 result of the higher total
enthalpy required to provide velocity and density altitude duplication. It was
shown in Ref. 1 that duplicating total enthalpy and density altitude leads to

smaller differences in stagnation-point heat transfer. Recalling that g',.,/g,

for the wind tunnel case was about 10% higher than the flight case (Fig. 21a),
the higher values of j., in the wind tunnel wiil result in acti.al surface heating

rates that are about 22% higher in the wind tunnel than in flight.

E. SUMMARY

In this section, a comparison has been made of wind tunnel and flight
flow fields about a blunted slender cone at three flight conditions. The effects
of flow-field nonequilibrium and nose bluntness have been investigated as well
as the effects cf appreciable differences in free-stream pressure, temperature
and Mach number. A hypothetical wind tunnel performance (Fig. 2) was used
to define test-section conditions. The comparisons have been restricted to
the body streamtube, to conditions behind the conical portion of the bow shock
wave, and to other results derivabie from these flow conditions, It has been
assumed that the flight free-stream density and velocity w-.- duplicated in the
hypothetical wind tunnel and that the bodies were geometrically identical - both

requirements of the Mach number independence principie when dissapative
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effects are presext.

Because @, and U, were duplicated, and since the free-stream Mach
numbers were fairly large, the Mach number inde_:éndence principle indicates
that the flow in the region of the blunt nose should be the same for both the
flight ard wind tunnel cases. A comparison of the stagnation-point conditions
and the distributions of the varicus gquantities 2long the spherical nose indicates

that this is indeed the case,

In reviewing Cheng's extension of hypersonic small-disturbance simil-
itude to real gases (Sec. IV), we have pointed out that, when the iree-stream
thermodynamic state is not duplicated, it is preferable to replace Mach number
with free-stream velocity in the similitude parameters. Thus, in the preseat
study, U, sin §, and U,: +Cs,, d-n/'l. are duplicated rather than M, sin 6.
ard K, = M: -,E_D_: d.y/‘L as given by Cheng. This has resulted in relatively
small differences in the flight and wind-tunnel flows zloag the conical afterbody
when the quantities are refierenced to stagnation-point conditiors rather than
free-stream conditions. The overall effects of the large mismatches in #_ ,

To 2nd M, are to produce 25 percent to 35 percent differences in the
pressure ratio - / .f:, » up to 8 percent differences in temperature ratio
T/T and up to 20 percent differences in density ratio ?/?o at a given

distance along the conical afterbody (Figs. 7-9, 12, 13, 17, 18).

It may be concluded that the entropy-layer flow is relatively insensi-
tive to mismatches in P 2 7 and M_ . On the other hand, it has been
shown that conditions behind the conical shock wave are much more sensitive

to mismatches in the above parameters for the cases considered here.

Finally, the drag, skin friction and heat transfer for the case of a
laminar boundafy layer growing within the entropy layer have been investigated.
Again the flight and wind tunnel solutions show relatively small differences;
however, the turbulent boundary-layer case, which most likely is gcverned

by the shock layer flow outside the entropy layer, has not been investigated.
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SECTION VI
ANALYSIS OF THE COMBINED EFFECTS OF ROSE BLUNTNESS
AND NONEQUILIBRIUM ON SLENDER-BODY FLO¥S

INTRODUCTORY REMARKS

1

The purpose of the present section is to develop 2 theoreticzl model
for the study of the combined effects of nose bluntness and nonequilibrivm
on slender-body flows The studies in this section are concerned with flight
conditions at higher altitudes where the assumed performance of the hypo-
che:ical wind tunrel under consideration is such that it could fully duplicate
the ambient altitude thermodynamic state if there were no nozzle nonequi-
librium eifects. The major part of the presert analysis is confined to the
treatment of inviscid flows; however, viscous effects are subsequently

accounted for through 2 boundary-layer approach.

One of the primary objectives of the present analysis is to check the
influence of nonequilibrium eifects on the pressure distributions on blunt
nosed slender bodies. It wiil be recalled that in the phase I part of the
present study (which was concerned with flight conditions below the assumed
full-duplication boundary), it was assumed that the pressure distribution
was insensitive to real-gas cffects. However, in the flight regime of present
interest this assumption is questionable. For example, Whalen = studied
the case of a wedge-nosed flat plate and found that freezing through the
Prandtl-Meyer expansion wouid produce pressures on the afterbody that
were significantly lower than the pressures for the equilibrium or perfect-

gas cases.

B. REVIEW OF BLUNT NOSED SLENDER BODY FLOWS

We will now review the existing theoretical analyses for predicting
the flow fields around blunt nosed slender bodies. However, no exhaustive
review will be attempted here since several comprehensive reviews of the
various aspects of the problem are available (Mirels 52, Guiraud, Vallee
and Zolver5 , Hayes and Probstein54, Cox and Crabtreess, Cheng56

H
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i Chemyi32, Seduv:'?, StanyukovichDB, I'E’z'o'r:stein:>9 and Lees60). On the

other hand we will revirv the analyses that are directly relevent tc the

present study in some detail,

Most analytical studies of blunt nosed slender bodies are based on

either an explicit or implicit use of the hypersonic equivalence principle of

SASMAUE B (AR L LA T 4 L1 Ol

Haye524. In general, use is also made of the hypersonic small disturbance

61,23

62
approximations and the Newtonian slender body approximations . The

analogy between the flows past blunted slender bodies and the unsteady flows

LOM g auaks 1a e g ot

due to strong explosions was pointed out independently by Cheng and Pallcne63,

4
and Lees and Kubota6 ". These a2uthors obtzined the solutions for steady

'kl AN L2 LI L ) 090 B £3vartd

hypersonic flows past blunted flat plates and cylinders by applying the equiv-

zlence principle to the corresponding unsteady flow preblems of explosions

(A 1y

with cylindrical and spherical symmetries., The solutions to unsteady prob-

lems had been obtained earlier by Lin D, Taylor , Sedov and Sakurai
69-7

Other authors = ! have studied the unsteady 'similar’ flows corresponding

MR AATWI R ACI N Coinatiat A 3o it

to shock waves propagating according te varicus power laws and the corre-

sponding steady flows past equivalent power-law bodies. An approximate

FOUTGETET

method of solving for flows past power-law bodies has been given by Mirels72,
and Mirels and Thornton have investigated bodies associated with shock

. shapes which deviate slightly from a power law.

The method of generating solutions for flows past power-law bodies
from equivalent unsteady, similar flows is not applicable to the flows past
blunted wedges and cones since these flows are basically nonsimilar. That
is, the time evolution of the flows in the unsteady cases, and the space evolu-
tion of the flows in the steady cases, do not obey similarity requirements,

3 Chernyi32’ 74-76 3

the flows past blunted wedges and cones.

1
and Cheng” " have developed approximate methods to study

The method used by Chernyi is an integral one in which the conservation
i relations of mass, momentum and énergy are applied in an integral form across
4 the disturbed region between the L :dy a: & the shock wave, The effect of the

: blunt nose cn the flow downstream of it is assumed to be describable in terms

of an energy in the energy conservation equation and an impulse in the normal

48
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momentum conservation equation. He further assumes that the bulk of the
disturbed gas is concentrated in 2 thin region next to the shock wave, and
obtains apprcximate solutions for the flows past blunted wedges and cones.
Chemyi77’ 8 has also described general integral ‘ormulations applicatle

to hypersonic fiows containing strcng shock waves.

The approach used by C'neng31 is somewhat different in that he accounts

for the so-called ‘entropy layer' in a specific way. The entropy layer consists
of tnose streamlines which have crossed the nearly normal portions of the
shock wave and are associated with much larger values of entropy than the
streamlines which have crossed the more oblique (and therefore weaker)
parts of the shock wave. By making estimates of the relative orders of mag-
nitudes of the various flow quantities within and outside the entropy layer,
Cheng was able to reduce the partial differential equations governing the
problem to 2 single ordinary differential equation relating the pressare dis-
tribution on the body to the cross-sectional area of the entropy layer. This
differential equation can be solved for the shape of the outer edge of the
entropy layer (and the body pressure distribution) by assuming that the pres-
sure distribution is related to the shape of the entropy-layer edge through the
Newton-Busemann pressure distribution law. Thus Cheng's approach clearly
brings out the fact ‘nat the influence of a blunt nose on the flow downstream

of it appears essentially as a displacement effect.

The analyses of Chernyi and Cheng are both based on thin-shock-layer
concepts, that is, both these methods utilize the fact that a major portion of
the disturbed gas is concentrated in a thin region close to the shock wave,
The thin-shock-layer approximation becomes progressively more accurate
as the specific heat ratio, ¥ , of the gas approaches unity. In fact, as far
as the leading approximation for small e = (# - /) /(7’+ 1) and (MB)"2 is con-
cerned, the two analyses are identical; they differ only when higher-order
approximations are considered. There seems to be some disagreement in
the literature regarding the relative accuracies of the two methods. Thus

Cheng31 states that Chernyi's method is unlikely to lead to consistent higher-

order approximations, while Hayes and Probstein54 argue that Cheng's method

will be less accurate (than Chernyi's) since he uses the Newton-Busemann
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pressure formula in terms of the entropy-layer edge rather than the shock
shape. The approach we%}all adopt for the present analysis will be a hybrid

one incorporating features from both methods.

A mcthod similar to that of Chernyi has also been used by Luniev79.

Several author380-83 have also investigated the validity of the 'blast-wave

R N a ® ol ”, i L& . A
P ST iy evbleutnie nd Ser I ormE o by ma .,,35(4 » o‘ma

analogy'. The requirements for the validity of the squivalence principle fail

not only in the vicinity of the blunt nose, but also in the high-entropy layar .
next to the body., Thus, when the effect of « blunt nose on the flow downstream ‘
of it is replaced by that of a concentrated energy release at the nose, the

density and temperature distributions near the body are predicted iPcorrect‘.y.

However, within the accuracy of the assumptions made by Cheng™ *, the

velocity and pressure fields are predicted satisfactorily throughout the whole
fiow field.

All the analyses described above are applicable only for the perfect-
gas case, that is, for the case in which the speciric heat ratio is constant
throughout the whole flow field. There are very few analyses in the literature
which are applicable tc the real-gas flows past blurt-nosed slender bodies.
Cherxg25 has described 2 similitude for equilibrium real-air flows past slender
bodies, and this similitude has been extended to nonequilibrium flows by
Inger26. Analyses which are valid for special gzometries and simplified

flow chemistries have been reported by Luniev , Whalen = and Vagalio-
Laurin and Bloomss.

Analyses of the combined effects of nose bluntness and boundary layer
displacement effects have been reported by Cheng31, Oguchi86 and others,
The similitude requirements for viscous slender body flows with and without
nose bluntness effects have been considered by Hayes and Probstein30, )
Luniev87’ 88 and Cheng31. Numerical solutions for the blunt-leading-edge
problem have been reported by Van His!es9 for the perfect-gas case, by
Feldman90 for the equilibrium flow case and by Curtis and Strom4 for the

nonequilibrium flow case,
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C. FORMULATION Of A THEORETICAL MODEL )

. In the present section we wil: ‘ormulate a theorecical r odel to study
the éml;ined eifects of nose bluntness and flow nonecuilibrium u~ slerder
body flow fields. The model described is considered to be the ¢..c most
likely to further qualitative understanding of the problem and at the same
time give rezsonable q.antitative answer. For the inviscid case, following
the practice in the perfect-gas analyses, the flow field downstream of the

blun: nose is divided into an inner low-density entropy layer near the body

and an outer shock layer. The entropy layer consists of streamlines cross-

ing the nearly normal portion of the shock wave in the vicinity of the blunt
nose, while the shock layer consists of streamlines crossing the more
oblique and weaker parts of the shock wave. It is clear that becaise of

the relatively larger values of the entropy and lower values of the densi.¢

in the entropy layer, nonequilibrium effects are more likely to be impostant

there, In the proposed simplified model the nonequilibrium effects will be
accounted for only in the entropy Jayer, and the outer shock layer will be

assumed to be described by the classical Newtonian shock layer theory.

The accuracy of the assumption that real-gas effects are more
important in the entropy layer than in the shock layer can be verified as
follows: For the sake of simplicity let us consider the case when the flow
is assumed to be in equilibrium everywhere, Then, an estimate of the
relative importance of real-gas effects in the entropy and shock layers can
be obtained by comparing the dissociation fractions at the body and immed-
iately behind the shock wave for various axial locations. For the purpose
of the present study, the dissociation fraction, o , for air can be assumed

to be equal to Z-1 where 7Z is the compressibility factor,

Consider the blunt-nosed slender body shown in Fig, 22, The notation

that we shall adopt is also shown on this figure. All the flow quantities in
the nose region will be denoted by the subscript 'n' while all the quantities

on the body and immediately behind the shock wave will be denoted by the

51

N * i
"“M"’mud

P



RIOLIL ¥y 4.

RENRE b ERVATA L /a4 13 ag 15t QYA KN

T

« Th

ATy

RIBAL VAT v2 i

>

kg b

RETR A

T T YT

FEme

e

Y +
PRI FHO

i

S ,.u.a,.;j..w,upuq\,\

TR v e e o e Mgt - e o

A:DC-TR-69-3¢

subscripts 'b' and 's', respectively, The symbol ‘e’ will be used to denote
the edge of the entropy layer* while the subscript '’ will be used to indicate

free-stream values,

Now, because of the equilibrium assumption,the flow will be particle
isentropic, and the entropy on the body will be that corresponding to con-
ditions behind a normal shock wave at the same free-stream conditions,
Also, for order of magnitude estimaies, we may assume that the pressure
on the body is of the same order as that behind the shock wave at the same
axial location, i.e. P, = 0(;&,). Hence, for a given set of iree-stream con-
ditions, an estimate of the dissociation fraction on the body downstream of
the blunt nose can be obtained by reading off a Mollier diagram for air the
value of &, corresponding to the pressure #; and the entropy 5, .
Figure 23 shows a comparison of the dissociation fraction on the body and
behind the oblique shock wave for various axial locations {corresponding to
different values of the local shock angle) and for various free-stream con-
ditions?* It can be seen from the figure that the dissociation fraction on the
body is always much larger than the dissociation fraction behind the oblique
shock wave, and that the dissociation levels behind the shock wave reach

significant levels only at very high velocities and altitudes. Even at the
higher velocities and altitudes it can be seen that the dissociation levsis in
the shock wave are small for local shock inclinations of 20° or less. Thus,
for slender bodies the real-gas effects in the shock layer will be small a
few nose radii downstream of a blunt nose, Dn the other hand, real-gas

effects will always be relatively more important in the entropy layer (for

% We will not use any explicit specification of the edge of the entropy layer,
since this is not necessary within the context of the present analysis,
Cox and Crabtree5? define the edge of the entropy layer as being composed
of that streamline whose local inclination after crossing the shock wave is
approximately 20°, Other definitions have also been used in the literature.

%% The equilibrium normal shock wave parameters reported in Ref, 91 were
used in these calculations, Ref, 91 uses the 1959 ARDC model atmosphere,
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It should be pointed out that, even though the above estimations were
made only for the case of fully equilibrium flow, the conclusions will be
valid even when the flow is not in equilibrium, This is because in nonequi- ‘
librium flow the dissociation fractions on the body will be higher than the
corresponding equilibrium values since the relaxation process here is essen-
tially one of recombination, Therefore, at any axial leccation downstream
of the blunt nose, the dissociztion fractions in regions close to the body will .
always be higher than those in regions close to the shock wave. Henceforth
we wiil assume that nonequilibrium effects are important only in the entropy
layer ar{we will approximate the region outside the entropy layer by a

constant specific heat ratio, ideal-gas region,

Before we can proceed with estimations of the relative magnitudes
of the other flow variables within the entropy and shock iayers, it is neces-
sary to ‘ormulate a simplified model for the flow chemistry. Because of
the extri.nely complicated nature of physical-chemical processes involved ~
in hypersonic flows past even such cimple bodies as sphericaliy blunted
slender cones, some simplifying assumptions have to be resorted to. Several
such simplifying assumptions have been used in the literature. One of the ——_
more commonly used approximations is to assume that the flow remains
effectively in equilibrium along each streamline up to some suitably chosen
boundary and that the gas composition 'freezes' (eand remains frozen) sub-
sequently along each streamline at the value coiresponding to that at the
boundary. For example, Whalen5 lhas studi~d the hypersonic flow past a
wedge-nosed flat plate by assuming that the gas composition is constant
along each streamline and is given by the equilibrium value immediately
behind the shock envelope. In Refs. 1 and 2 the influence of real-gas effects
on the sensitivity of various afterbody flow quantities of a sharp-nosed
slender body to mismatches in free-stream conditions was studied by
assuming that the flow was in equilibrium in the nose region and subsequently

freezes at the junction of the nose and the afterbody. In Ref, 1 this rnodel

was termed the equilibrium-frozen model,
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When there exists a sharp discontinuity in the body slope in the
shoulde: region between the nose and the afterbody, then it is logical to
assume that the boundary between the equilibriurn and frozen flow regions
passes through this sharp corner since the flow experiences a rapid expan-
sion in this region. Thus, for the flows past wedge-nosed fiat plates or
conical-nosed cylinders, one can assume that the flows remain in thermo-
dynamic equilibrium upstream of the expansion fan emanating from the
sharp shoulder junction and that they freeze downstream of it. Such a
logical choice does not exist when there is no sharply defined boundary
between the nose and the afterbody as is the case, for example, with spher-

ically blunted cones.

Vaglio-Laurin and 131oom85 have studied the influence of real-gas
effects on the flowfields past several typical body shapes by using a sim-
plified maodel for the flow chemistry. In this model, the authors assume
that the flow chemistry remains frozen downstream of the forward facing
characteristic that intersects the body at the sonic point; upstream of this
characteristic the flow is assumed to remain in chemical equilibrium,
Vaglio-Laurin and Bloom also assume that the gas composition remains
constant (at the values corresponding to the equilibrium values behind the
shock wave) along the streamlines that cross the shock wave downstream
of the characteristic mentioned above. With the above assumptions, Vaglio-
Laurin and Bloom have integrated the simplified differential equations gov-
erning the problem by using the method of characteristics, and they have

obtairzd the distributions of various flow quantities on the body as well as

the shock layer,

In support of their sonic-point-freezing assumption, Vaglio-Laurin
and Bloom point out that for typical reentry configurations flying at high
velocities and at altitudes in excess of 125, 000 feet the flows indeed show
a strong tendency tc freeze at or near the sonic point on the body, Moreover
exact numerical calculations, such as the ones performed by Feldman’ for
an equilibrium flow over a blunt nosed slender body, indicate that the gas
close to the bcdy at the sonic point expands drastically as it flows around the

body. In fact, Feldman gives an example in which a streamline which is
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only a distance of 0.012 nose-radii away from the body upstream of the sonic
line eventually ends up 2 nose-radii away from the body when far downstream
of the nose. This drastic expansion around and beyond the sonic region will,

of course, tend to freeze the flow chemistry along stream.lines close to the

body beyond the sonic point.

In the present analysis we will assume that the flow chemistry within
the entropy layer freezes (and remains frozen) downstream of the sonic point
station, It should be recalled here that in the present model the flow outside
the entropy layer is assvmed to behave like an ideal gas (with a specific heat
ratio equal to that of the free stream), On the other hand, in the models used
by Wha.len51 and Vaglio-Laurin and Bloom85, the authors assume that in
addition to the flow being froz;n downstream of a specified boundary, the
gas compoasition remains constant (at the values corresponding to equilibrium
values immediately behind the shock) along all streamlines that cross even
the relatively weaker portions of the shock wave, This difference between
the assumptions of the above authors and those of the present model is

important since it will be crucial to the analysis that follows.

Having formulated a simplified model for the flow chemist: », we
can now proceed to make estimations of the various flow quantities within
the entropy layer. One of the crucial assumptions involved in the so-called
thin-shock-layer theories is that the density within the entropy layer in
general, and on the body in particular, is much smaller than the free-stream
density, This assumpticn can be checked for the present model in fairly

general terms without any specific considerations of the nose or body shapes.

Now, for a given set of free-stream conditions, the entropy behind
the shock wave,as well as the pressure at the stagnation point,can be deter-
mined from equilibrium-normal-shock tablesgi. Also, since the flow in the
nose region is assumed to be in equilibrium and since the pressure distri-
bution in the nose region is fairly insensitive to real-gas eifects, one can
calculate the pressure at the sonic point by using the isentropic-expansion
relations with the specific heat ratio, 7 equal to 1.4, That is, one can use

the relation Pp = 0,528 Pst’ where the subscripts 'p' and 'st' refer to the
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sonic point and stagnation point,respectively. Sin_c the entropy and the
pressure at the sonic point are kncwn,211 other state variables can be easily
read off a Mollier diagram; in particular, the density and the effective dis-

sociation fraction at the soanic point c.. be determined.

In the present model the flow within the entropy layer is assumed to
ireeze downstream of a line passing thrcugh the sonic point on the body. Thus
the expansion along the body surface will take place with an (constant) effective
specific heat ratio determined by the conditions at the sonic point. Following

51 . . ces . .
Whalen , this effective specific heat ratio will be taken to be

_ e (VL 1)

The dewn.ity dietribution aleng the body correspording to a given pressure

distribution can then be determined by using the ieentropic relation

£

%
) (VL 2)

e

Fig.24 shows a plot of the variation of density with the free-stream
velocity (at an altitude of 200, 000 it) for the station on the body at which
P, 2 P, - Itcanbe seen from the figure that the density at this station
is always consideratly smaller than the free-stream density. The small-
ness of the deneity on the body is, of course, a direct consequence of the
large (compared to free stream) value of the entropy along the body stream-
line, For the same reason, the density within the entire entropy layer will

also be much smaller than the free-stream value.

it follows immediately that the low-density entropy iayer will be
incapable of supporting any transverse pres. are gradiente, and that the
pressure at any axial station within the entropy layer can be taken as equal
tc the value at the outer edge of the entropy layer. It also follows from
simple mass-flow arguments that the cross-sectional area ¢{ the shock layer
will be much smaller than that of the entropy layer, Thege are the criteria
that are necessary for the successful appli:ation of thin-shock-layer methods

for the present problem.
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Before the proposed model can be utilized to study the problem, it is
also necessary to reexamine the validity of the equivalence principle for the
oresent case, since the assumption of its validity is implicit in both the methods
of Cheng31 and Chernyi74-76. Inger26 has pointed out that the equivalence
principle has very general validity within the framework of the assumptions
of small-disturbance theory, and that it is valid for nonequilibrium flows
irrespective of the form of the equation of state and the reaction rates., The
small-disturbance approximations are, of course, based on the assumption
that « =~ U, and i ¢ =~ ¢ . However, as has been pointed
out by WhalenSI, the validity of the former of the two assumptions is depen-
dent on the value of the dissociation fraction, since the energy conservation

relation can be written in the form

4
2 u
«x D + _l_‘..._ ~ hoad
Thus the assumption that « 2« « will be valid only in those regions

of the flow in which the energy contained in the dissociation mode is small

compared to the free-stream kinetic energy.

Since in the present model real-gas effects are not considered in the
shock layer, the assumption &« ~ «_ will be valid within the shock layer
to the same degree of approximation that it is valid in the corresponding
ideal-gas case, Cheng31 has shown that fcirlr the ideal-gas case the assump-
tion © =» «, will be valid if -é— o g 15 negligible compared to
unity, where ¢ can be a typical shock or flow angle. In the present model,
the above requirement should also ensure the validity of the equivalence
principle within the shock layer. However, it 's clear that in regions close
to the wall the approximation « ~ «_, carnot be valid, since the dissoci-
ation fractions in these regions need not be small, However, this per se
does not introduce additional complications, since the equivalence principle
fails in regions close to the body even in the ideal-gas case. However, as
is well known, the pressure field on the body and the shock shape are still

predicted correctly in spite of this local failure of the equivalence principle.

To summarize briefly, the proposed model is such that real-gas effects
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are included when calculating the displacement effect of the nose bluntness
and the resulting effective body shape, but not in calcuiating the evolution of
the shock wave due to this effective body shape. In other words, the outer
edge of the entrcpy layer is related to the body shape including real-gas
effects, but the shock-wave shape corresponding to the outer edge of the

entropy layer is calculated using the classi .1 Newton-Busemann relations.

The various approximations and restrictions that apply to the present

analysis are listed below,

a) The flow outside the entropy layer is assumed to behave like that of
a perfect gas with 2 specific heat ratio equal to the free-stream valve., The
flow inside the entropy layer is particle isentropic, tut the specific heat

ratio is different on different streamlines,

b) The flow is assumed to remain in chemical equilibrium in the nose
region and subsequently freeze along a line passing through the sonic point

on the body.

c) The pressure distribution on the blunt nose is assumed to be given by

the modified Newtonian pressure formula,

d) The free-stream is assumed to be homogeneous in flow properties

and undissociated,

e) The local streamline inclination to the free-stream direction is

assumed to be small everywhere except in a small region near the nose,

f) The vibrational degree of freedom is assumed to remain in equilib-

rium with the translational temperature within the entropy layer,

g) The ratio of specific heats is agssumed to be sufficiently close to unity
-/

so that terms of order
7+/

can be neglected.
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D. A RESTRICTED SIMILITUDE APPLICABLE TO REAL-GAS FLOWS
PAST BLUNTED SLENDER BODIES

As pointed out earlier, a similitude applicable to 2quilibrium flows
past blunt-nosed slender bodies was given by Chengzs, and this was extended
to nonequilibrium flows by Inger26. The similitude developed by Cheng
requires that for proper similitude between two flows past two geometrically
similar bodies, the hypersonic similarity parameter, «, 7 , a bluntness
parameter, as well as the free~stream thermodynamic stzte have to be the
same. The last of these conditions is quite stringent, and the free-stream
thermodynamic state corresponding to low-altitude, hypervelocity flight can~
not be reproduced in existing test facilities, except perhaps in such advanced
(and as yet in a developmental stage) facilities as the Isentropic Compression
Tube 92, 93.

similitude can be developed in which the requirement of the duplication of the

Therefore, it would be extremely useful if even a restricted

free-stream thermodynamic state can be relaxed. Such a similitude will be

derived in the present section.

Now Cheng's similitude (for the pressure field) for a blunt-nosed
slender body in an equilibrium flow can be written as
3¢ L
Lt x 7 . e VI 4
=t i e 4 Toa0T). B
In the above equation L is a characteristic body length, 7 is the thickness
ratic, & is the nose drag coefficient, and the free-stream has been assumed
%*
to be undissociated for the sake of simplicity. The quantity 2 ie to be

taken as zero for two-dimensional flows and unity for axisymmetric flows.

In the above similitude the requirement of duplication of the free-

stream temperature becomes unnecessary, by virtue of the Mach-nurnber-

* In principle, free-stream dissociation can be accounted for without additional
difficulties. For example, it might be possible to use the 'Subtraction Rule'
concept developed by Gibson’ in conjunction with the present formulation.
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independence principle, in the limit when u, v~ o (or more appro-
priately, when M., T >> | ). Inthis case, the similitude reduces to
+5) /
—_—F = _,_t;u.‘;’, u” i -L_’/oﬂ’ (VI.D)
Pt 7
Alternately, when M_ 7 =o0(1), the real-gas effects become

negligible throughkout the flow field, and the similitude becomes
# y Z+3) A
z revItJ 4 V1. 6
ARV R AR T) e
L4

In the intermediate region where M& 7 is neither so large that
the Mach-number independence principle becomes operable, nor so small
that real-gas effects can be neglected, the full similitude given by Eq. V1. 4
has to be used. However, it was shown in Section III that for a significant range
of free-stream conditions, the real-gas effects are important only in part of
the flow field, and that the remainder of the flow field behaves like an ideal
gas one. Thus in the flow past a blunt-nosed slender body, the displacement
effect due to the blunt nose is influenced by real-gas effects while the evolu-
tion of the shock wave due to the resulting effective slender-oody shape is not.
Heuristically it would appear that the above observation should lead to a sim-
plification of the similitude given in Eq. VI. 4., We will now investigate this

possibility.

It should be pointed out here that many of the restrictions that were
prescribed for the model formulated in the previous section are not necessary
for the derivation of the similitude given below (these restrictions are necessary
only for the development of the zeroth-order theory given in the next section).
For example, the ratio of the specific heats need not be close to unity, and the
nose pressure distribution need not be of any specified form. Also, the deri-
vation given below is not restricted to any specific model for the flow chemistry
within the entropy layer. In particular, the analysis will be valid both for the
case when the flow is assumed to be in equilibrium throughout the entropy
layer, and for the case when the flow is in equilibrium in the nose region and

freezes downsiream of some point near the nose-afterbody junctien. The
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above two models have been termed equilibrium-equilibrium and equilibrinm-
frozen models in Refs. 1 and 2. The primary requirement for the validity of
the similitude described below is that real-gas effects be important only in the
high-entropy layer close to the body and that they be negligible outside this

layer.

Before we proceed, one other point needs to be made here. Cheng's
similitude25 for blunt-nosed slender bodies is based on the postulate that the
downstream influence of a blunt nose is equivalent to that of a concentrated
force of appropriate magnitude applied at the nose in a direction transverse
to the free-stream direction. The magnitude of the force is assumed to be
determined uniquely by the nose drag coefficient and is independent of the
detailed nose shape. Therefore, like the blast-wave analogy itself, the sim-
ilitude is necessarily asymptotic in nature and becomes applicable only at a
considerable distance downstream of the blurnt nose. However, in many
practical nroblems similitude is required not only in the region considerably
downstream of the nose, but in the nose region itself. In such cases Eq. VL. ¢

is, of course, inadequate.

Similitude in the nose region can be assured by invoking the Mach-
number-independence principle. Thus, for the nose region one can write

(assuming gecmetrically similar boundaries),

il t ¥
= ofE L. , VI 7
Z 7(! - R u) (VL. 7)

-4

The simultaneous requirement of the conditions in Eqs. VI 4 and VI. 7 implies
that essentially no similitude exists; that is, the quantities 2o T, o Up
and 7 have all to be duplicated simultaneously. The only freedom of choice
that exists is in connection with the length scale L , and even this freedom

is lost if nonequilibrium effects or viscous effects are important. For such
cases, a similitude which relaxes the requirement of the duplication of the

free-stream temperature would be of great interest.

Consider two blunt-nosed slender bodies {(shown below) which have geo-

metrically similar nose and afterbody shapes, but are characterized
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L
by different nose radii, thickness parameters, characteristic lengths and are
immersed in different hyperscnic flows. Now, as mentioned earlier, the
downstream effect of a blunt nose on the afterbody flow field appears essentially
as a displacement effect. This displacement is, of course, dependent on the
initial conditions at the nose as well as on the afterbody shape. The conditions
at the nose can be made identical for the two cases by requiring that the free-
stream density and velocity be the same for both. Then, by virtue of the Mach-
number-i'ndependence principle, all quantities in the nose region of the two
bodies will be not merely similar but identical. In particular, the nose drag
(and therefore the energy and impulse imparted to the transverse flow field)
will scale in a simple geometric way.

Note that the abov=s statements hold true whether or not the flow in the
region of the nose is in chemical equilibrium, and whether or not the flow is
assumed to freeze at some point in the neighborhcod of the sonic point. Irre-
spective of the exact nature of the flow chemistry, the displacement effect

(which will be assumed to be given by Te } due to the blunt nose must be

governed solely by the initial conditions at the nose and the atterbody thick-

ness parameter 7 . Thus one can write
T, =f (e, a) - (VL 8)

Moreover, under the assumptions cf hypersonic small disturbance theory

Eq. VI 8 can be written as

n= v (g4 (V1. 9)

14
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The flow field due to the effective body shape governed by the parameter

T, can be expressed in terms of the free-stream conditons using the ideal-
gas relations alone, since by assumption real-gas eftects are negligible out-
side the entropy layer in the present analysis. In particular, the pressure

. . 2
distribution can be expressed in the form >

3+ /
> x Ty (VL 10)
sk <)

Egs. VI. 9 and VI. 10 can be combined to yield

3+) / ( )
P VI.11

? ) . /'f)) 1+3) i .
?’L’va’lo,,’a'o’f4w "é' L °

X
= (T

1

2
o

A practically more useiul form of Eq. VI 11 is given by

A

3+ /
P v 2 > o rENTT (VI. 12)
T T TE A e A )

®» © ot

Similar relations can be written down for the shock shape as well as the other

flow quantities.

Eq. VI. 12 can have signficant applications in wind-tunnel testing,
since it affords a means of taking into account mismatches in free-siream
temperature in the flows over blunt-nosed slender bodies. It was shown in
Ref. 1 that for certain flight conditions the free-stream temperature in a wind
tunnel could be as high as a factor of five larger than the corresponding flight
value, when the density-altitude and velocity are duplicated in the tunnel, For
such cases, Eq. VI. 12 provides a means of obtaining proper similitude
between the flight and tunnel flows by choosing the thickness ratio of the
afterbody appropriately. As mentioned earlier, the range of free-stream
conditions over which the assumption that real-gas effects are important only
in the entropy layer (and hence the range of validity of Eq. VI. 12), is sig-

nificant and certainly nontrivial,

The similitude expressed by Eq. VI. 12 can also be derived in a more
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rigorous manner from the basic differential equations governing the flow. For

the sake of completeness we will indicate this derivation below.

Under the small-disturbance approximations that

£ - o) )

° (VI. 13)
and o = ~ltys = o) J

(where « and 4~ are the perturbation velccity components and U is the total
axial velocity) the cortinuity, momentum and entropy equations can be written

in the form

_2& P i = — .2_4; + .z.) 14
Yo By TV oy e % (V1. 14)
u P_‘f_,; Su_ _ 1l 27 (VL 15) ,
o . oy P o«

o Sy- / op

== _— = e VI. 16
© 5y + 3¢ 2 9}" (V1. 16)

and u _9_5.._ + ,V—_a_s_ =0 . (vi, 17)

w© a,x ay * )

Note that the form of the first three of the above equations is the same whether

or not any real-gas effects are present,

The boundary condition to be satisfied by the above equations at the

body is simply that
4y, h
o= u on 4 =Y (x) - (VL. 18)

L 4 Al't

Since in the present model real-gas effects are asaumed to be negligible
within the shock layer, the boundary conditions on the quantities 2+, & and
L at the oblique shock wave 7 = Ys (#) can be written as
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a
S (,_ ._F_o) EArS (VL 19)

r %

2
L\ /4y,
poE ot oA u: (/--—;) (d:) (VL. 20)
2 2N\ /2y \?
and AR S S (— fo ( ’> . (VL. 21)
P 21 P © PYAYD

Cheng25 has shown that the downstream influence of the blunt nose can be

accounted for within the framework of small-disturbance theory by using the

equation
Y, 2
Lim $ v J
D, = 250" f /o(e+ 2 )(277’«7) c{'f (VI 22)
%
as the initial condition in the nose region, that is,as « —> 0" . In the above

equation, DN represents the total inviscid drag of the nose.

The above equations are the same as those given by Cheng25 except
for the simplified form of the boundary condition equations at the shock wave
in the pre-.ent case (Eqs. VI, 19 to VI. 21). The system of equations given
by Egs. VI. 14 to VI. 17 and the appropriate boundary and initial conditions
will constitute a closed system if the functional dependence of the entropy on

the other state variables is prescribed.

Within the shock layer, the entropy can be expressed in terms of the

local values of pressure and density using the perfect gas, isentropic relation

2
Co

e = const (V1. 23)

4

where the value of the constant is unimportant since only changes in entropy
from some reference state are of interest here. Thus within the shock layer,

the entropy Eq. VI. 17 can be writtern as

2 3 -7
(%3; * ”’9—#—)7”/0 =0 . (VL 24)

65

prers
o




AEDC-TR-69-36

Note that Eq, VI. 24 is valid only for Y, < y o Y, -

For the range givenby Y, <« 4 < Y, » a more general form of
the entropy equation isa necessary. Now, the entropy at any point in the entropy
layer is primarily dependent on the conditions in the nose region. In particular,
because of the particle isentropic condition, the entropy at any point is equal
to the value corresponding to that on the streamline passing through that point,
and this latter quantity is given by its value immediately behind the shock wave.
Thus the entropy at any point can be determined if the quantity ' 7" corre=

spoading to that point (see sketch below) can be expressed in terms of other

Y

Yo 5 e ———¢

local variables and the free-stream conditions, The desired type of relation

is provided by the mass conservation relation, which is

» rt )
p” u.’«!;(w'?‘) =f (,OU)(ZW’?') d? (V1. 25)

%

where U is the total axial velocity component,

The entropy within the entropy layer can now be expressed in the form

S(zy) = S [p('l,"j); Yy Ou s u,_,] (VL. 26)

Eq. VI. 26 is, of course, a direct consequence of the Mach-number-indepen-
dence principle.

For the purposes of studying the similitude expressed by the above

equations, the transformation

Z= L%Z, y:L?’?. U=U P UL 5, Wz UygTar,
(V1. 27)

(%

rEFRp, PR
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Under this transformation Eqgs. VI. 14 to VI. 16 becomse

ig made.
af . 5 8@_ = -5 9/:’ P (V1. 28)
o« 97 37. ?
z [ el — S a“
(G 9 L3 ¢ 4 (VL. 29)
| 9% °Y F 2
2[ a7 w | / 92“:
1(”00'[) ﬁ_‘i_ + 37/ = —-—p,;— 3? . V1. 30)
The boundary conditions are
= T on y = Yb (z) (V1. 31)
and -
- 4y,
v = (/— -7/—) =
p/ g (VI 32)
- V. \2
2 = 1+ (1—,—’)(%}—/‘ 7 (M T)
f x (V1. 33)

(VI. 34)

on ?:\\?5(2).

The initial condition at the nose given by Eq. VI, 22 becomes

Dy _ Lim K - o 2 7D o vV, e
"0‘[ (7 e+t 2525 2)eny) oz WL 35)
Yb

+)) = e
e, (L7 Z

where the specific internal energy 'e' has been nondimensionalized with
%%

respect to the free-stream value, givenby e = ‘2—7//)' .
o
) the entropy

For the shock layer (that is, for Yo & gy &Y,

equation becomes

3 - 3 -7
(_—”r >7”/° =0 - (VL 36)

R -
o
o
i,
R X
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For the entropy layer (that is, Ys < ¥ £ Y‘_ ) the eatropy eguation is

of the form

5-5(f: 2.0 ) (Vi 37)
. ¥ -
where ?‘; (17';;)) = r (;5 U)(Zﬂj;)gi? . {Vvi. 38)
Jy

In £q. VL 38, tke total z=xial velocity has been noncdimensioralized by the
- - - - (¢ - -
izce-stream velocity «_ . so that Uu = . {Note th2t vncéer the small-

disturbance asswagptions U X w«_ and p =x~7).

In principle, Zgs. Vi. 28 to Vi 38 are suiificient to solve for the entire

flow fiield. The parameters appearing in these eguations are

7 M 7T D 2néd o« - (VL 39)
T e )T e - =37
L -4 =

After some manipalation these parameters czrn be recaced ic

{3¢5) A
. 2 19 (¥1. 40)
7> ??{ LA £ T A2 2md %,
ar

where the nose drag coefiicient ' 3§' is deiined as
7 / SEAAY.Y (Vi 41)
4=D,/% el 5 (s - o7

S .ce the present znalysis is confined to bodies with geometrically similar
ncse shapes, the nose crag coefficient, £ . need not te included in the simuil-

itude criteria,

The similitude relation for the pressure distribution can be written in

the form
{3+2)
#7 #_ ) 4 SR g 2009 Y (vie2)
—or s floorr T T R E T
P u 7 ~ = = < /
=<3 o
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with similar relations being applicable for the other flow variables.

The similitude derived a2bove ior a2 general blunted slender body can
be specializegd for blunted wedges and cones. For these geometries, the

eguation of the surface may be written as

4

Q
ﬂm
)\

{V1. 43)

where &, :¢ the hali-angle of the wedge or cone under consideration and plays

the role of 7 :n the mmore generzl case. Since for the wedge or cone czse

a characteristic body length, L . does not exist, we can eliminzte this quan-
.—00))//2(1’ »)
tity {rom the similitude Dy choosing it to 5e egual o A7 . Then

/. i ] N

= - 2o 03 < Iz -2

Y S 7 - + . (V1. 24)
ala I \4 - b4 i V] » ecic » /9c » Jc -

L

i Ses
4 / 2 i 25
g — 7~ riz 27 27 ¢ P (Vi. 45)
P =7 \=Z TR 2 A %) -

Note that in Zgs. Vi £2, Vi 22 znd Vi. 45, the various combinations

of the parameters oi the prodlem thzt have been used are not nondimensional.

nese equaiions have been wriitten :n the form given mainly 1o illustrate ina

lear manner the eiiects of & mismaich n iree-stream temperature. As

n
]

entioned earlier, the eifects of mismatches in free-stream temperature

3

are of primary concern in hypervelocity testing. However, i desireg, the
above egquaiions can be eas:ly rewritten in 2 more cenventional, dimensionally
cons:stent form by making use of the fact that products and ratios of similitude
pazrameters are 2iso similitude parameters. Thus, Eq. VI. ¢4 can also be

written as

s
aly) » M8, p s Uy ] (VIL26)
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In order to verify the similitude given above, some numerical solutions

have been carried out using the computer program developed by Curtis and

Strom40. The calculations were performed for a spherically blunted cone

immersed in an equilibrium hypersonic flow of 25, 000 ft/sec velocity and 2

free-stream density corresponding te 250, CO0 ft altitude. Two cases were

considered. In the first case, ti:e free-stream temperature chosen was that

corresponding to the atmospheric value at an 2ltitude of 250, 000 ft, and the

cone half-angle for this case was 9° . In the second case, the free-stream

temperature was chozen to be a factor of four higher than the value corre-
sponding to an altitude of 250, 090G {t (as mentioned earlier, for the flight
corditions that are being considered here mismatches in the free-stream
temperature of this order are likely to occur in most hypersonic test facil-
ities). The similitude derived above indicates that for proper similitude
between the two cases, the cone hali-angle for the second case has to be
chosen as 128°.

The calculated results are shown in Figs. 25 2nd 26 correlateé in
Figure 25 illustrates the shock shape,

- - - - - - *
terms of the similitude derived a2bove.
It can be

while Fig. 26 illustrates the calcula.ed surface pressure distribution.
seen that in spite of the fairly large mismatches in the free-stream temper-
ature the correlations obtained ar » fairly good.
E. ANALYSIS OF BLUNT-NOSED SLENDER BODY

In the present section we will analyze the hypersonic flow past a blunt-
nosed siender body using the approximate physical-chemical model develogped
in Section C. The essential features of this model are that the hypersonic
small-disturbance approximations are made throughout the flow field except in
2 region close to the blunt nose, and that the flow field is divided roughly into

two regions (a high entropy region close to the body where real-gas effects

* The authors express their thanks to Dr. J. Curtis of the Aerodynamic
Research Department for periorming these calculations.
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are included and a relatively low entropy region close to the shock wave where

the gas behavior is assumed to be ideal).

1. The Basic Equations. The method of analysis used in the present

section (which closely follcws the methods of Cheng31 and Chernyi74’ 75) is

essentially integral in nature; that is, the partial differential equations gov-
erning the problem are reduced to a single ordinary differential equatior by
making various assumptions regarding the transverse distributions of various
quantities within the disturbed region of the flow. Here, we shall start with
a consideration of the energy conservation integral for the transverse flow
field including the contributions due to the blunt leading edge. The energy

integral for the present problem may be written as

D ‘< ay > " #
u;ﬁ-*u.,,ff: < (”K)d¢=[ {PUe pl-uo) -
o 2

>

. 2 » ”):
+TZL [(U_“”)’”z] 'OU}(”?’) o Sl R A (,,,) P %y (VL. 47)

- -4

where e is the specific internal energy of the gas. Eq. VI.47 expresses
the conservation of energy for an obs~rver who is fixed in the undisturbed
fluid.

Ir Eq. VI. 47 the specific internal energy e is given by

e L 7
7-/ P (V1. 48)
ior Ye < Y < Ys , and
i »
€= —— — + A .4
-1 P D (VL. 49)
for Yb L ¥ L Y. . where &, is the energy contained in the dissoci-

ation mode {withir the entropy layer) and 7, is the frozen-flow specific heat

ratio corr=sponding to the local value of the dissociation fraction.

If in Eq. VI. 47 the small-disturbance approximation 4 2 u«

............. u_ is

made, one obtains
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D o LY, v % s K
S B G - [Tolerd ) op)e

b
oy &%) (VL. 50)
7~/ s 1+

The second term on the left-hand side of Eq. VI. 50 represents the contribution
of the afterbody drag to the overall momentumn balance. In the large Mach
number regime, the second term in the right-hand side of Eq. VI. 50 may be

negiected. Then Eq. VI.50 can be written in the form

D

< dY YS / \ »
N 2 .
Py +f 2 = pe??fr}? ‘{7,. (V1. 51)

> A

This relatively simple expression will form the basis for much of the following

analysis.

Before we proceed, a point of clarification is in order here. As men-

1 74,75
tioned earlier, the analyses of Cteng and Chernyi have considerable

ILPras b e Crdruibg S L tiais s n g0y

similarities, and both analyses use an equaticn of the form given by Eq. V1. 51
31 " s,

However, in his analysis, Cheng negiected the afterbody and kinetic

3 energy integrals since these are of higher order (in the parameter

E 71

- j»l

F’é’) than the remaining terms. On the other hand, Chernyi included
these terms in his analysis. The pressure distributions calculated by Cheng 31

for blunted wedges and cones show an oscillatory behavior far jownstream

of the nose, whereas the ones calculated by Chernyi_lé’ 3 do not. Cheng31

s notes that while this osciilatory behavior is not unbelievable, it is of doubtful
physical reality. Hayes and Pro'bstein:—’4 point cut that the oscillatory behavicr

in Cheng's results may be caused by the reglect of the kinetic-energy terms.

F In the present analysis, following Cheng, we will neglect the afterbody
3 and kinetic-energy integrals since this is consistent with small disturbance

approximations and with the other assumptions involved in the present model.
However, later we will briefly indicate the application of Chernyi's method to

E the present problem.

When the afterbody and kinetic-energy integrals are neglected in Eg. VL 51,

¢ 72
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and when the resulting expression is combined with Eqs. VI. 48 and VI. 49,

one obtains

On N s N e oy

Py - f ,0,&’7 17, = f % 5 c(;(« + 7 7 g[;(, . (V1. 52)
% K A

Since the pressure in the entropy layer is of the same order of magnitude as

that in the shock layer and since the lateral extent of the shock layer is small

compared to that of the entropy layer (thatis, Y, - Y, &« Y, - Y, ), the

second term in the right-hand side of Eq. VI. 52 can be neglected compared

to the first. Moreover, as shown earlier, the pressure inside the enfropy

layer is equal (a2t each axial location) to that at its outer edge. Therefore

Eq. VL 52 reduces to

Y, Y, S
D ej:,u”c! =+ (" % o VL 53)
27 ") PR E Yt R | T v
Yb Y 4

The second term in the left-hand side of Eq. Vi. 53 merely represents
the totzl energy that is frozen out of the ilow within the entropy layer, and by
the assumptions of the present mcdel (that i1s, 'freezing’ of the flow along a
line passing through the sonic point} this quantity must be independent of the
distance downstream of the nose. Thus, as noted by W‘nalenal, one of the
principle influences of real-gas effects on blunt-nosed slender-body flows is
to cause an effective reduction in the nose bluntness and hence also its down-
stream influence. The net energy introduced into the transverse flow field

by the nose bluntness is determined by the effective drag D !, defined by

DN, DIV p Y$ ’)J VI. f.4
2w” T 207 T 2o’ Phs ¥ 7 (V1. %4)

Ncte that this quant:ty is always positive since the right-hand side of Eq. VI. 53

is always positive,

A net drag coefficient £’ can be defined by the relation

/ ’/l 2 J
4 = "7~/ Z A% d(”%) : (VL. 55)

’
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However, note that unlike in the equivalent ideal-gas case, 4’ is not inde-
pendent cf the free-stream state and velocity since the amount of energy that

is frozen out at the nose as chemical energy is a function of the free-stream
conditions.

The pressure, P, > at the outer edge of the entropy layer can be
related to the free-stream conditions and the shape of the outer edge of the

entropy layer through the Newtonian-plus-centrifugal pressure formula

Iz 4
P () = p u: (Yc + %} (VL. 56)

where the primes denote differentiation with respect to the axial coordinate,
z.
Eqs. VI.54-56 can be combined with Eq. VI, 53 to give

Finally,
2 Y Y” "Yf 2 £ " 1+ .
/ e C) Z _ 1(— 1 _
(Ye e j -1 4’;« = A 2) 7 - (VL. 57)
Yb

Eq. VI.57 is the fundamental equation which determines the rate cof growth
of the entropy layer and thus, also,the displacement effect of the blunt nose on

the afterbody flow field including the effects of flow nonequilibrium.

As mentioned earlier (and as can be seen from Xq. VI. 57),0one of the
principle effects of flow nonequilibrium on the afterbody flow field appears
through a net reduction in the energy release at the nose to the transverse
flow field. Moreover, the effective drag coefficient .4’ (unlike the equivalent
ideal-gas drag coefficient .£) is a function of the free-stream conditions,
and in general it decreases with increasing free-stream velocity. That is,
at high velocities the amount o1 energy that is frozen out as chemical energy
by the rapid expansion of the flow in the shoulder region is a significant
fraction of the energy that is introduced into the transverse flow field by the
Thus when real-gas effects are included,the downstream influence

blunting.
of a blunt nose can be significantly smaller than that calculated using ideal-

gas thecries.
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Another important consequence of real-gas effects on the downstream
influence of a blunt nose appears in Eq. VI 57 through the in.egral on the
lef.-kand side. It can be seen from this integral that the local rate of growth
of the entropy layer is influenced by the distribution of the frozen-flow specific
heat ratio, 7’; , within the entropy layer. The local value of the frozen-flow
specific heat ratio (which is related to the local value of the dissociation
fraction, o« ) is, of course, a function of the details of the flow field in the
nose region. Thus when real-gas effects are present the rate of evolution
of the entropy layer and the afterbody pressure distribution cannot be deter-

mined independently of the details of the nose shape.

In id=al-gas theories of blunted slender body flows, it is assumed that
the effects of the blunt nose on the afterbody flow field can be represented by
an appropriate concentrated force applied at the nose; the details of the nose
shape are assumed to be of little importance. Even though this so-called
'blast-wave analogy' leads to erroneous results for the density and entropy
distributions near the afterbody; it is known that the afterbody pressure field
and the shock wave shape are predicted correctly. However, 1t can be seen
from Eq. VI. 57 that when real-gas effects are present even the afterbody
pressure field and shock shape cannot be solved for independently of the details
of the flow in the nose region. This point has been mentioned earlier by
Cheng31

Eq. VI.57 is also consistent with the similitude derive” in the previous
section according to which similitude between two blunted slender body flow
fields can be obtained only if the flows in the nose region of the two cases are
also similar. Thus even if it were possible for two slender bodies with dif-
ferent nose shapes to have the same values of the effective drag coefficient,

,,Q_’ » over at least a small range of free-stream conditions, it is highly unlikely
that the two bodies will also have similar distributions of the frozen-flow
specific heat ratios within their entropy layers, Therefore, 'blast-wave
analogy'in the usual sense (that is, in the sense that the downstream influence
of a blunt nose can be considered to be independent of the detailed nose shape)

is not applicable to the present case,

75
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2. Evaluation of the Integral in Eq. VI.57. Before quantitative answers
can be cbtained from Eq. VI. 57, the integral appearing in its left-hand side
has to be evaluated explicitly. However, as mentioned above, this task can-
not be accomplished without knowing the details of the flow in the nose region.
On the other hand, consistent with the integral nature of the analysis one can

assume various profile shapes for the distribution of the effective frozen-flow

specific heat ratio within the entropy layer. Any arbitrary constants used in
the profile-shape equations can be avaluated by using the appropriate boundary

conditions and (orx) various integral conservation equations.

The simplest assumption one can make to evaluate the integral in
Eq. VI.57 is to assume that the entropy layer can be characterized by an
average frozen-flow specific heat ratio, ?-F . Then, the integral can be eval-

uated immediately, and Eq. VI. 57 reduces to

1+9 I+ .2 Ye Ye”> - ' /d 1+ .
<Ye - Yb (Ye + 7 = ek ’-2—-) (V1. 58)
where £ = 7 ~ 7—; -/ (V1. 59)
- ~ g -
2 7+l

Equation VI, 58 is identical to the equation given by Cheng3l for the ideal-gas
case except that in the present case both € and & are functions of the free-
stream conditions. Moreover, note that in the present case € may be a
function of £ . In the present approximation each axial station in the entropy
layer is assumed to be characterized by an average frozen-flow specific heat
ratio; however, this average specific heat ratio may vary from station to

. *
station.

Since the value of the frozen flow specific heat ratio depends only on
the local value of the dissociation fraction, &« , the value of the average
specific heat ratio at any station can be determined by matching for the two

cases the value of the total energy contained in the dissociation mode at that

* The shock layer is, of course, assumed to be characterized by a constant
(ideal gas) value. of the specific heat ratio,
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station. That is, the value of the average specific heat ratio 3’; iz assumed
to be such that the dissociation energy it represents is equal to that corre-
sponding to the actual distributions of the flow quantities at the station under

consideration. Thus, the condition determining 7; is represented by

% s
f =14 (217‘/7)’:{7 = fY P (2777«)”@(7/ . (V1. 60)
Y, Y,

b 1

The left-hand side of Eq. VI. 50 is, of course, independent of the axial position

and is equal to the value at the nose.

Now, within the accuracy of the small disturbance approximation

Uu =~ u, , the integral conservation of mass is governed by the equation

Ys
£, Ys (ﬂ‘ Ys)) = f P (2#7«),’4{.7/ . (VI.&1)

Y

b
Thus Eqs. VI 60 and VI. 61 can be combined together to yield

»
palry)dy = py (ryf & . (VL 62)

To be consistent with our previous approximations, the approximation Y, % Y.
has been made in Eq. VI. 62. The average specific heat ratio, Z. , is related
to the average dissociation fraction, « |, through the relation

— 3x + 7
o T == - (V1. 63)

x +5
Equations VI. 58, 59, 62 and 63 determine the shape of the entropy
layer (for a given body shape, Y, ) in terms of the integral in the left-hand
side of Eq. VI, 62. Note that the above integral also determines the value of
the eifective drag coefficient, .4’ (see Eq. V1. 54). Thus in principle, given
sufficient details near the nose for the evaluation of the above integral, one
can solve for the shock shape and the body-surface pressure distribution. The

evaluation of this integral will be discussed later.
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1t is appropriate here to consider other possible approximations that
can be used in conjunction with Eq. VI.57. The simplest of these is to assume
that the whole entropy layer can be characterized by a single average value
(independent of ) of the specific heat ratioc which is given by the arithmetic

mean of ‘he values at the inner and outer edges of the entropy layer. Thus,

— f‘ + 7
= —5 (VL. 64a)
or alternately, E - €, +€ (V1. 64b)
= =5 .

Vf course, apart frpm its very attractive simplicity, the assumption embodied

in Eqs. VI. 64a and b does not really have a sound rational basis.

Another poksible assumption is to take the transverse distribution of
the effective froden-flow specific heat vatio within the entropy layer to be a
linear function of the <ross-sectional area of the flow field. Thus, one can

write
)

" ? Y
" Ve
-Yb

<

7 = 7*—(7’5-?)

£ v

(VI. 65)

o<

The choice of the cross-sectional area of the flow field as the appropriate
parameter is prompted by the fact that in all blunted slender-body flow analyses
the lateral coordinate always enters in the form ?’”’or its derivative (this
quanticty is of course proportional to the cross-sectional area of the flow field).

94

The above property has been exploited by Lady zhenskii’" who derived an
area rule for blunted, slender three-dimensicnal bodies which have the same

axial distribution of tody cross-sectional area.

Note that Eq. VI. 65 satisfies the appropriate boundary conditions at
the .nner and outer edges of the entropy layer. Equation VI, 65 can be regarded
as being composed of the zeroth and first-order terms in the small parameter

(J%L) and, in principle, more terms can be included if desired. However,

for air,the parameter ( 7‘; 4 ) has a possible maximum value of only about
0.19. Thus, the errors involved in the germs neglected in Eq. VI, 65 would
h-7

presumably be no more than 0 (

) , or of the order of four percent.
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Therefore inclusion of additional terms in Eq. VI. 65 does not appear to be

worthwhile.

When Eq. VI. 65 is introduced in Eq. VI. 57, cne obtains

(¢- Y»Q)Ge'z* L) L y(E)” A ("7 7;’“ (VL. 66)

Equation VI. 66 represents the 'pressure-area' relation governing th : entropy

layer of any arbitrary plane or axisymmetric blunted slender body.

Equation VI. 66 reduces to the corresponding ideal-gas relation given

by Cheng32 in the limit 7, —7 (or more appropriately el SR 5 /)

-1/
Lime 7,-7 7,’,—7> o
7_”/[ (l% f)J > (7_/ =—— x € - (VL 67)

Several approximate methods have been discussed above to simplify

since

the basic equation (Eq. VI. 57) governing the entropy layer. All these methods
were based on simplifying assumptions on the nature of the transverse distri-
bution of the various flow quantities within the entropy layer. Of the three
methods described, those represented by Eqs. VI. 62 and VL. 66 are likely to

be more accurate than that represented by Eq. VI, 64 since thc former are
based on rational simplifications and satisfy appropriate boundary and con-
servation conditions. Other approximations are possible, of course, but we
shall confine our attention to the three given above and discuss them ir more
detail for the specific case of a spherically-blunted slender cone. In particular,
we will discuss Eq. VI. 66 in some detail since it clearly illustrates the various

effects of real-gas phenomena.

Eq. Vi.66 can be rewritten in the more convenient form with = 1

" . -1
2 2 oy )/) o=l AR S % -1 (VI. 68)
(e' ﬁ)(ye /A E\7-7 &y
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The abcve equation is identical to the correspondizg ideal-gas equation except

for the terms occurring Cn the right-hand side within the paventbesis. et

-7
: 4 7] 7-N
c =% G777/ (VL. 69)

Obviously, c? Tepresents & correction factor which accounts for the reai-gas
effects. It can be seen ircm Eq. V1I. 68 that influence of real-gas eifecis oz
the flow field can be visuvalized zs being that éue tc 2 change in the nose radius
from d o an effective value of cd,

The value of the correction factor is governed by two giffcrent eifects.
The first efiect, which is represented b7 the factor 4,72 , arises beczuse
only part of the erergy introduced into the transverse flow field by the dlunt
nose is ielt by the afterboedy flow field, the rest being {rczen our of the flow
as dissociation energy. Since the guantity éﬂ is always less than unity, the
infiuence of this effect is to cause zn apparent reduction of the nose diameter
as Ia. as the aiterbody flow field is concerned. The second eifect, which is
represented by the parenthesized term in Zq. VL. 6¢, arises irom the fact
that the effective frozen flow specific heat ratio within the eniropy layer is

higher than the corresponding ideal-gas value. This factor can be rewritten

z . 77
&=——7F - (VL 70)

17:(/*!‘) ’ 7-1

For air, the guantity t has 2 maximum possible value of 0.667. Thereiore,

the second factor in Eq. VI. 69 is always greater than unity, its maximum
value for air being around 1. 3.

Thus it appears that the effect of the increased specific heat ratio within
the entropy layer is to cause an increase in the downstream influence of the
blunt nose, the effect being manifested as an apparent increase in the nose

iameter of up to 14%. Hence the two effects appearing in Eq. VI. 69 display
opposing trends in their influence on the slzLdc:-vody flow field. However,
the first effect is usually the dominant one, and the influence of real-gas

effects on slender-bodv fiows is in general to reduce the downstream influence

of the blunt noce,
380
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is represented by the eguation Y = §x where £ is the cone hali-angle.

>

3. Solution for a Spherically Blunted Cone. For a2 cone, the body suriace
3

For this case, Eg. V1 63 can be transiormed to the form

2 2 2 ozz" .
é—?; )(Z ‘T:) =/ (Vi 71)
where z=28 CY; f’ .%)- (VL 72)
r . o20° 2 [2_. 1Y (VL 73)
A c cd \7-1 4

. . ces : = = =1 hae : : 31
The solution of the ordinary difierentional Eq. V1. 7! has been given by Cheng .
it can be seen ciearly from Egs. VIi.7:-73 that the influence of real-gas eifects
(contzinec in the parameter ¢ ) is to reduce the length scale for the downstream

influence, this length scale being represented by

- ca (7} 72 I
7. ) (VL 74)

In order to calculate the real-gas correction factor, ¢ , the frozen-
dissociation-energy integral mentioned earlier (see Eqs. VI. 54 and V1. 62)
has to be evaluated. The value of this integral, of course, depends on the
details of the flow field in the nose region. Now, if 2 numerical solution were
available for the nose region (that is for the flow past a sphere) for the free-
stream conditions of interest, then ¢ can be computed from this and the solution
can be continued over the afterbody with the help of Eq. VI.7l. However, if a
numerical solution is not available, then additional assumptions are necessary

to evaluate C .

Firstly, in the nose region the shock wave will be assumed to be parallel
to the body surface. Numerical calculations show that this assumption is
fairly accurate for spherically shaped bodies. This assumption is sufficiently
accurate for the present purpose since it is consistent with the Newtonian-

flow assumption, € <</ | used in other simplifications. Secondly, numerical
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calculations also show that the pressure distribution on 2 blunt body is

influenced very little by real-gas eifects. Thereiore, the drag coeificient

of the spherical nose will be taken to be equal to 0. 52.
Let us consider the spherical nose skown below. Let the shock

stand-off distance be denoted by the symbol A . Then since we have

SHOCK WAVE

8opy
assumed that the shock wave and the body surface are parallel to each other
in the region of interest, the thickness of the shock layer will be equal to A
everywhere in the region of the nose.

For a2 spher:cal nose, the dissociation-energy integral can be written

in the convenient form
s

Q
I,:= | Ph @waddr = | ph,(2mn)dr (VL. 75)
P <1
where P is the sonic point and @ is the point on the shock wave radially

opposite to P . By assuming that the quantity ©4&, has a suitably defined

average over the shock layer between P and @ , Eq. VI.75 can be reduced

to

I,= 7 phy A(drd) (V1. 76)

D

Eqs. V1. 54 and VI. 76 can be combined together to yield

o)

/ /—o:{—D A A
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Now, for the conditions of present interest the dissociation fraction
. . . . 2 ¥ et et
at Q is vsually quite small; in other words, £, /a. L& d . Within the
- -2
accuracy of the present analysis we can neglect { £, / a‘: ) compared
t -3

to unity and write Eq. VI. 77 as

s P, 4+ A A
= 8- L _-F * -—> (VL. 78
4 W g 2+ 777 { )
©
where Jﬁpp represents the dissoc:ation energy in the body streamtube

2nd is a2 constant downstream of the sonic point, P .

The method of calculating o¢, (the dissociation fraction at the sonic
point) nas been described earlier. Essentiaily one assumes that the pressure
in the nose region is insensitive to real-gas eifects, so that the pressure at
the sonic¢ point may be written as #,= 0528 P - Since the entropy
along the body streamline is also known, 2all other state variables at the sonic
point can be obtairned immediately irom a2 Mollier diagram. However, the
value of _ADP
since air cannot be represented by 2 single, constant dissociation energy.

cannot be obtained in 2 simple manner irom the value of

That is, if one writes

D

Ay, =xD , (VL 79)

then D is not a characteristic constant for air (as it is for a simple ideal

dissociating gas, for example).

The value of ’&D can be obtained from the energy equation along the

body streamline. The energy equation can be written as

kel nalid

* One of the common definitions of the outer edge of the entropy layer is
that it is the streamline for which « Y, / d/l()rv / at the shock.
Also,for a sphere the sonic point lies between 40° and 50° from the axis.
Therefore, it can be seen that this approximation is consistent with our
earlier assumption that real-gas effects are negligible outside the entropy
layer, il

83



3
3
=
N
2
3
>
-
3]

EADCETN W T1 pevin t (et

Rkt iR L My 2

T T T

02 hlar el

hé b ki

T

NS

o

T

ki

AEDC-TR-E9-35

= 2
R o b L S T
- A, -1 F (VL 80)
where A, is the total enthalpy of the flow. At the soric point, f;=0.528p”
angd u? ( pp/p;, . Thus Eg. VL 80 can be written as
&p -2 2 7. sl £ /"
P _ - - (3 st/ 7
= = 25 f4. 1+0.2M 0.0752 % A ‘/_o_/‘;‘g © (VL 81)
- plics

From this the value of the dissociation energy frozen in the body streamtube

<an be calculated for any given iree-stream conditions.

The variations of "‘"Db /a and 5/& 2 with the iree-
stream velocity are shown in Fig. 27 for an altitude of 250, 090 ft. it can be
seen from this figure that a significant fraction of the iree-stream kinetic
energy remains frozen along the body stream tube. It can 21so be seen that
the value of D varies significantly over the range of free-stream conditions
of interest. The dip that is observed in both the curves arournd a f~ee-stream
velocity of 16, 000 ft/sec is due to more or less complete dissoci_tion of

oxygen, while at this point nitrogen dissociation is still relatively unimportant.

It can be seen from Eq. VI. 76 that the value of the shock stand-off
distance has also to be known in order to evaluate the frozen-disscciation-
energy integral. In ideal-gas flows various approximate methods (such as
the constant-density and thin-shock-layer approximations) exist for deter-
mining the shock stand-off distances on blunt bodies. However, simple
formulae for the shock stand-oif distance do not exist when real-gas effects

are present, In the present analysis we will use the expression for the shock

* The subscript b has been used earlier to denote values on the afterbody.
Note that since o, and .4,, are both constant downstream of the sonic
point, the subscripts P and b can be used interchangeably for these

variables,
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stand-off distance giver by the constant-density approximation (for the ideai-
gas case), with the density ratio being interpreted as that corresponding to
2n eguilibrium shock wave. The consistency between the constant density e
znd Newtonian approximations has been puinted out by Hayes and Probstein” .
Thus, since the Newtonian approximation has been used in Section C as the
b2sis for the ordering of the va-ious guantities, it is consisterl to use the
constant density approximation .o evalvate the shock stand-oif distance in

Zq. Vi.78. Thereiore, we will assume that
q s

Ay%[(sa)"’z

) (V1. 82)

| SOp— |

With the help of Egs. Vi.8! and 82, the quantity J % can now be

calculated irom Eq. VI, 78. The variations of the guant:ties

; A\
¢ /. c ( / and ( c, ¢ ) with the
= £/8), «, ;,,/je'g/c 7_// c 7’
iree-stream velocity are shown in Fig. 28 for z spherical ncss for an zititude

of 250,000 {t. It can be seen that the opposing behaviors of ¢, and c, are.
such that the value of ¢ remains close to unity over the range of free-stream
velocities considered. Clearly the length scale for the downstream influence
of the blunt nose (as defined by Eq. VI. 74} is reduced by real-gas eifects by

less than ten percenrt over the range of free-stream conditions under consider-

ation,
The pressure distribution and shock shape (as given by Eqs. VI. 71 and 56)
corresponding to the conditions U, =25,000(f.p.s., h =250,000 ft and 6=

are shown in Figs. 29 and 30. The value of c for these conditions was very
close to unity, and the real-gas distributions are indistinguishable from the
ideal-gas ones. For the sake of comparison the results obtained by the com-
puter pregram of Ref. 40 are also shown on Figs. 29 and 30. Even in the
numerical calculaticns the ideal and nonequilibrium flow solutions are found

to be almost identical.

Before proceeding further let us consider the two other approximations
that were suggested for simplifying Eq. VI.57. The only influence on the

above results of using the approximation suggested in Eq. VI. 64 in place of

85
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the one given in Eq. VI. 65 is to slightly modify the value of the parameter ¢, .
It is found that the difference in the value of ¢, predicted by the twec approx-
imations is in general less than one percent. Thus even the crude approxima-

tion that is represented by Eq. VI. 54 gives fairly accurate results,

The other approximation that was suggested is reprecsented by
Egs. VI. 59 and 62. Equation VI 62 can be simplified in 2 manner similar

to that used in simpl.fying Eq. VI. 75, with the result one car. write
AN P A A
x|-< = : 2+ ——> e VL. 83
[ -4 _] 2( ) ¢/4 Z/2 b ( )

Again, the oniy effect of using the above approximation (instead of that given

in Eq. VI. 65) will be to modify the value of ¢, . However, in the present
case C, will be a function of Z, and Eqs. VI.83 and VL 71 have to be solved
simultaneously. On the other hand, it does not appear that this procedure

will drastically modify the qualitative conclueion (namely, that real-gas effects
do not markedly influence the pressure distribution and shock shape) reached
above., Therefore, the rather tedious procedure involved in carrying out the

simultaneous solution of Eqs. VI.83 and VI. 71 has not been attempted here,

As mentioned earlie., the procedure used above to account for real-
gas effects can also be used in conjunction with Chernyi's method. In
Chernyi's method no explicit account is taken of the entropy layer, the major
assumption being that a major bulk of the gas that crosses the shock wave is
contained in a thin layer next to the shock envelope. The energy and momen-

tum-integral equations are written in the form

D,  (* 4% VA @“Ys)Y G2A (’fz)
_2d'+f - @Y) A I +7 (a’¢ Ak Y (Vi 84)
Y

b

[ 4
and p,u, ( Y) Y (7}3) =j 2, (2 ”Ysy)“*/ : (V1. 85)

o

Equations VI, 84 and 85 determine the shock shape and the afterbody
pressure distribution. The integral on the right-hand side of Eq. VI. 84 can

be determined using Eq. VI.65. Thus even within the framework of Chernyi's

86




fr"-‘

AEDC-TR-69-36

analysis real-gas effects can be accounted for in a fairly simple manner. The

details of the analysis are straightforward and will not be shown here,

Now, it should be pointed out that the accuracy of integral methods
depends quite critically on the appropriate choice of the profiles chosen for
representing the distribution of the flow quantities. The success of integral
methods in boundary layer theory is, to a large measure, due to the appro-
priate choice of profiles. For example, the demonstrated success of the
Lees-Reeves  method in treating separated flows is partly due to the use
of the Cohen-Reshotkog similar family of profiles. Therefore, even in the
present case ar. integral method based on the similas solution profiies for

power law piston motionsﬂ’ 69-71 would seem to hold promise.

Tle possibility of using similar solution profiles with integral methods
has been suggested by Chernyi78 and Mirels 5 for the ideal-gas problem.
However, these suggestions have not been exploited so far. A possible
approach to the study of the combined effects of nonequilibrium and bluntness
on the flows over slender bodies using integral methods based on similar
solution profiles will be described below. Like in the integral methods of
oboundary layer theory, one can assume for the present case that at any given
axial station the distributions of all the flew variables normal to the body are
given by the similar solution profilesS7’ 69-71 corresponding to sorne unspec-
ified values cf the power-law index and the specific-heat ratio. The power-
law index and specific-heat ratio characterizing the profiles are of course
assumed to vary from one axial station to another, this variation itself being
a part of the solution sought. This approach is equivalent to describing the
flow at each axial station with an average value of the specific-heat ratio,
with the average specific-heat ratio being different for different axial positions,
The variation of the power-law index and the average specific-heat ratio with
axial position can be determined from the various conservation equations and

the shock relations,

Of course, like in all other integral methods the above approach would
involve considerable numerical calculations. However, incorporation of some

of the assumptions of thin shock layer theory into the above scheme might lead
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to useful and tractable solutions. As mentionedearlier, the use of the similar
solution profiles to describe the distribution of at least some of the flow quan-
tities will lead to considerably better results than using any other simple

profiles, An investigation of this area would be worthwhile.

F, VISCOUS EFFECTS

We will now consider the combined effects of nose bluntness, boundary
layer displacement and flow nonequilibrium on slender-body flow fields.
Viscous effects can be incorporated into the inviscid analyses given above
by the model proposed by Cheng3l. In this model a thin and distinct boundary
layer is assumed to exist submerged within the entropy layer. In particular,

the eventual 'swallowing' of the entropy layer by the boundary layer {(which is

) e
this

known to occur at high altitudes) is not accounted for. Arn accounting o
phenomenon does not seem possible wituin the scope of integral methods. In
addition to the assumptions made by Cheng3l, in the present case it has.been
assumed that the chemical composition inside the boundary layer remains

frozen,

We will first consider the similitude for blunt-nosed slender bodies
when both viscous and real-gas effects are present. The viscous hypersonic
similitude for slender bodies without nose bluntness has been given by Hayes
and Probstein3o and Luniev87, while the similitude including the effects of
nose bluntness has been given by Cheng31 and Luniev . The above similitudes
show that for hypersonic viscous flows past slender bodies which have similar

shapes and surface-temperature distributions of the form

Y

7L W\ g (__15__) (VL 86)"
T L

7,

* In the present section, the subscript «w~ denotes quantities | the wall,
while the subscript b denotes the inner edge of the entropy ! yer,

88




had O

AT

Liava

SR

AEDC-TR-69-36

The similitude parameters {in addition to those that are relevant to the
corresponding inviscid-flow case) are the FPrandtl number, Pr , and the

quantity 7% Re_, , where
Ee” = Lo . (VL 87)
The quantity R . has to be evaluated at some suitabtle reference point on

the body.

The requirement of the equality of the parameter 7 ke . for
simlarity betweer two flows is merely a statement of the condition that the
distributicn of the displacement thicknesses on the two (affinely related)
bodies must follow the same afiine law as their thickness distributions.

Thus, the basic requirement for similarity can be stated as
s~ (44) ,
- =T - (V1. 88j

For a linear viscosity-temperature relation of the form

. 7
;“’ = c—_/—_“—”— ) (V1. 89)

the requirement expressesd by Eq. VI. 88 reduces to the condition that the

paramelesr
3
1 = M, 7c
- VL 90
Re_ ( )
. @
must be an invarient, while for a general viscosity law of the form P ~7
2+
the condition is that the quantity Mw /7‘,@3‘” must be invarient,

With the above remarks in mind we now turn our attention te the
extension of the similitudes given in Section VI.D to include viscous eftects,
Now, if the flow in the nose region of a blunted slender body is required tc

be simulated, then similarity can be obtained by means of the Mach-number-

independence principle, As pointed out earlier, the Mach-number-independence

principle is applicable even when viscous effects are included; however, now

89
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the appropriate length scale of the nose has to be duplicated in addition to the

free-stream density and velocity. Thus,for the nose region one can write

£

e
P‘puao

P
fo

/.
el =7c(i"§‘3f"“"‘)' (VL 91)
U -

©

A
f:” “w"[ ‘
U

oy

When the param:ters on the righi-hand side of Eq. VI. 9l are the same for

two flows, then they are not merely similar but essential.y identical.

Now, the solution of a hypersonic boundary layer is completely deter-
mined if the appropriate initial conditions, the wall conditions and the quantities
Py > Hp *(z A,), and U, atthe outer edge of the boundary layer are
duplicated. The appropriate initial conditions are, of course, given by
Eq. VI. 91 while the requirements at the wall are the no-slip condition and
the wall-temperature specification, Moreover, under the hypersonic small
disturbance approximation, U, =z «,, and H_ = —Zl— a:

Thus in a manner completely analogous to Eq. VI, 8, the evolution of the
boundary layer displacement thickness can be writter ir the form

*
S cFE i p s = TR (VL 92)

% For a blunt-nosed slender body the subscript b refers to tne outer edge of
the boundary layer which is the same as the inner edge of the entropy layer.
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where T, is the stagnation temperature of the flow.

Uuder the hypersonic small disturbance approximation, Eq. VI. 92

reduces to the form

x*
[ Lo Py
=7‘f(——;P.,.u.,;d, 7 Pu’7"> . (V1. 93)
®© o

In the above derivation, conzistent with the classical boundary layer approach,
we have assumed that the pressure distribution can be specified arbitrarily

and that it is part of the corditions that are specified. However, in the present

case there is an interaction between the boundary-layer growth and the pressure

field, and it is precisely this interaction that we axe seeking to simulate.

Clearly, the pressure distribution at the outer edge of the voundary
layer of a blunt-nosed slender body will be determined by an equation of the
form given by Eq. VI. 11, but with an effective body shape parameter(?’,‘%:-)
in place of 79 . Here 8: is the value of the displacement thickness at some
conveniently chosen reference point (the mid-chord of a wing, for example).
Thus, one can write

3+ /
I+» T+ Q/

7 z s*
b _p T, =
"y =T 7 Mw’é"n)’/‘;’ Uor M, £ (- (VL 94)

For bodies with similar noses, the nose drag coefficient .£ can be
dropped from the similitude and Eqs. VI, 93 and VI, 94 can be combined

together to give

§* v /35) T
LAY K v d ) w }
7L S TIT M M L’ro”%’“w’”‘} (VL 95)

Thus, it can be seen from Eq. VI. 95 that for the hypersonic viscous flows
past blunt-nosed slender bodies which obey Eq. VI. 86 the only additional
(that is, not includsd in the corresponding inviscid case) requirement for

similarity is the duplication of the nose length scale.

Finally, the similitude relations for the surface pressure, shock shape
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2nd the heat-transier rate can be written in the form

P
PuU_ T
¥ =3
Iv B .

=1C(—L'; 'f.rlM ‘,{—’/0 :d-}()’ (VI~96I

mo, L L
s
”n Cﬂ
in Eq. VIi. 96 the boundzry layer assumption 7, X 2 has been made,

and the parameters ¥, 2 and Pr (which 2re usilly includsd in general
viscous s:militudes) are not :included since we are assuming hieve that only

flows of the same gas ave being studied; these parameters can be included

MG SASEEY i e o N

3¢ desired.

™ar

Uaforturnately no solutions have been available to us for testing the

LELS taa g

accuracy and the range of validity of the above similitude. However, since
the basic premisc on which the similitude is based (namely, that real-gas

eifccts are imporiant only in that part of the flow field whick is very near the

DESALaTEA L e It B 1At b

body) has been veriied for the invisid case, one can expect that the viscous
s:militcde will be valid over approximately the same range of conditions as

F
; the corresponding inviscid similitude.

Cheng has also developed 2 theory for the combined influence of

boundary-layer displacement and leading edge effects on slender body flow
fields. Cheng's development i3 based on the observation that the local {flat-
plate similarity approximation is consistent with thin-shock-layer concepts.
Starting with the above observation, Cheng included boundary layer displace-

'
ment effects into Eq. VI. 57 (for the plane flow case, 7 = 0 ) by replacing

Y+ by Y., where

Ye: Y, +6&8° (V1. 97)

. .- Lot
where the displacement thickness '§ is related to the wall temperature and

Gl i 4 i M8 th i)

he free-stream conditions through the Newton-Busemann pressure formula

~*

iven in Eq. VI.56. Cheng's analysis is valia only for plane flows since

o
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transverse curvature effects (which are often dominant in axisymmetric flows)
are not inclnded. Since we are mairly concerned with axisymmetric flows,
we have not pursued the generalization of Cheng's viscous flow case to include

real-gas effectis.

G. SUMMARY AND DISCUSSION CF THE RESULTS

The combined effects of nose bluntness and chemical nonequilibrium
phenomena on slender body flow fields was studied by using a simplified model
for flow chemistry. The model was based on the observation that over a
significant range of free-stream conditions real-gas effects are more impor-
tant within the high entropy layer near the body than outside it. Thus in the
model that was used, real-gas effects were neglected in the thin layer close
to the shock wave (and outside the entropy layer}), and the gas behavior in
this region was assumed to be ideal with a constant specific heat ratio equal

to that of the iree stream.

It was also assumed that the flow in the nose region was effectively
in equilibrium and that the flow freezes aloaig a line passing through the sonic
point on the body due to the rapid expansion in the region of nose-aiterbody
junctions. Under this approximation, the entropy layer is characterized by
different valies of entropy and effective (frozen) specific-heat ratio along

each streamline.

Based on the above model, the effects of real-gas phenomena on
blunted slender body flow fields was studied using a zeroth-order thin-shock-
layer theory; that is, quantities of the order of %:‘;!l. and (;v)e)-z were
assumed to be negligible. The analysis was essentially an extension of the
theory developed by Cheng31 for the corresponding ideal-gas case. It was
found that the effect of real-gas phenomena on the downstrearn influence of
a blunt nose can be throught of as causing a net apparent reduction in the nose

diameter.

The real-gas correction factor for the nose diameter was found to be
influenced by two different effects, one due to the smaller amounts of momen-

tum and energy that are imparted to the transverse flow field in the real-gas
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case than in the corresponding ideal-gas case, and the other due to an increased
value of the average specific heat ratio within the entropy layer. The first
effect tends to reduce the downstream influence of the blunt nose while the
second effect tends to increase the downstream influence. Therefore, the

value of the correction factor remains close to unity over the range of free-
stream conditions of interest, and the shock shape aad the pressure distribu-
tion on the body were found to be influenced very little by the presence of

real-gas effects,

To check the above conclusion, numerical computations were carried
out for both ideal and real-gas flows over blunted slender cones by using the
computer program developed by Curtis and Strom4o. The numerical results
confirmed that, for the iree-stream conditions under consideration, the effects
of real-gas phenomena on the surface-pressure distributions and shock shapes

on blunted slender bodies are indeed quite small.

The above conclusion is in contrast to the result obtained by Whalen >l

who found that the pressure distributicns on wedge-nosed flat plates were
significantly influenced by real-gas effects. In fact, Whalen concluded that
the blast-wave phenomena may be essentially eliminated when real-gas effects
are present. A somewhat analogous conclusion was raached in Refs. 1 and 2
in connection with the study of the sensitivities of afterbody flow quantities on
wedge-nosed flat plates to mismatches in free-stream conditions. In Refs. 1
and 2 it was found that the pressure immediately downstream of the nose-
afterbody junction (of a wedge-nosed flat plate) was considerably smaller than
the corresponding ideal-gas value, so that it would appear that in this case
the downstream influence of the blunt nose would be significantly reduced by

the presence of real-gas effects.

Therefore, we can conclude that the effect of real-gas phenomena on
the downstream influence of a blunt nose will depend on the shape of the nose.
This is not surprising since real-gas effects are essentially nonsimilar, and
the flow downstream of the nose cannot be expected to be independent of the
details of the flow in the nose region when real-gas effects are present. In
general, it appeare that when there is a smooth junction between the nose ar..

the afterbody (such as in a spherically blunted cone), real-gas effects do not
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significantly influence either the surface pressure distribution or the shock
shape. On the other hand, when the junction between the nose and the after-
body is a sharp corner {such as in a wedge-nosed flat plate or a flat-plate
slender body), it appears that real-gas effects will significantly reduce the
dewnstream influence of the blunt nose, and in some cases altogether eliminate

the blast-wave effect.

A restricted similitude applicable to real-gas flows past blunt-nosed
slender bodies was also derived using the concept that over a significant
range of free-stream conditions real-gas effects are important only within
the entropy layer and not outside it, It was found that the requirement of the
duplication of the free-stream temperature (which is part of the similitudes
given by Cheng25 and Inger26) can be relaxed provided that the nose-shape
and the free-stream velocity are duplicated. This similitude is especially
useful when similitude is required not only in the region of the afterbody but
also in the nose region. For the above case the requirements imposed by the
similitudes given by Cheng25 and Inger26 would imply that there is essentially
no similitude; that is all conditions have to be duplicated. The similitude is
found to be valid for the viscous case also provided that the characteristic

length scale of the nose is duplicated.
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SECTION Vil
CONCLUSIONS

In the present study, we have examined the similitude requirements
for hypervelocity, slender-body flows when nonequilibrium and nose-bluntness

effects are present. For such flows, it has been shown by Cheng and Inger

that proper similitude requires, among other things, complete duplication of

the free-stream thermo-chemical state, However, in many cases, the res-

ervoir conditions required to duplicate all the similitude parameters simul-
taneously in a wind tunnel are so severe as to make partial simulation the
only recourse, Thereiore the present study has been concerned primarily
with the effects of mismatches in certain free-stream conditions on slender-

body flow fields,

Two related studies have been carried out. In the first study, direct
comparisons between the flight and wind-tunnel flow fields were made for a
blunied slender core by assuming a hypothetical wind-tunnel performance.
The pressure distribution on the cone was assumed to be uninfluenced by
real-gas effects, and the influence of real-gas effects on the other flow quan-
tities was calculated by using a streamtube computer program, The second
study consisted of an analytical investigation of real-gas effects on blunted
slender body flows by using a thin-shock-layer approach. This study was
based on a simplified model for the flow chemistry in which real-gas effects
were included in the high emropy, low density layer near the body but was

neglected in the high density, lower entropy layer near the shock wave.

In the first study it was found that, at the free-stream conditions under

consideration, the flow in the vicinity of the blunt nose is Mach number inde-

pendent even when real-gas effects are present, Thus the flow within the

entropy layer (that is, the layer consisting of streamlines that have crossed
the nearly normal portions of the shock wave) also remains Mach number
independent, On the other hand, the flow in the outer portion of the shock

layer (which consists of streamlines that have crossed the more oblique parts

of the shock wave) is more sensitive to mismatches in free-stream temperature,

and is analogous to the sharp-nosed slender body case, Thus the am»ount of
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nose bluntress has an important bearing on the similitude characteristics
since it determines the relative extents of the entropy layer and the outer
regions of the shock layer. In the spherically blunted slender cone cases
considered for Ry = 1.5 in., the flow along the cone is dominated by the
blunt nose and, hence, is insensitive to mismatches in Moo . However, for
RN = 0,2 in., the flow over most of the conical afterbody will behave as a
sharp-nosed body and mismatches in A/, can be important. In both cases
the effects of nonequilibrium phenomena are as large or larger than the
differences between the flight and wind-~tunnel flow fields. Thus, it is impor-

tant to match body scale as well as (/, sc that /_/U@ is duplicated.

In the second study, which was based on thin-shock-layer concepts,
it was found that the effect of real-gas phenomena on the downstream influ-
ence of a blunt nose can be thought of as causing an apparent reduction in the
diameter of the nose. However, it was found that the effect was fairly small
for spherically blunted cones over the range of free-stream conditions that
were considev>d. However, it appears that the effect of real-gas phenomena
on blunted slender body flows will be a function of the details of the nose shape,
Thus, it is likely that real-gas effects would be quite significant for bodies
with flat noses, or where there is a sharp corner at the nose-afterbody

junction,

A new similitude applicable to real-gas flows over blunted slender
bodies was also derived. This similitude has the advantage that the duplication
of the free-stream temperature (which is required by existing real-gas sim-
ilitudes) has been relaxed. The extension of the similitude to include viscous

effects is also given,

The present study serves to illustrate some of the problems associated
with partial simulation of the hypervelocity flows., An analysis of the type
reported here should be made for each hypervelocity wind tunnel in order to
delineate the flight conditions that can be simulated in a given facility, In
this regard it should be reiterated that the hypothetical wind-tunnel perform-
ance assumed here far exceeds that of existing facilities, having been selected

in order to minimize nozzle-{low nonequilibrium effects.
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Fig. 26 Correlation of Surface Pressure Distributions for Equilibrium Flow when Free-Straam
Temperature is not Duplicated
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